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ABSTRACT
DESIGN AND ANALYSIS OF BEAMLINE COMPONENTS
IN FERMILAB MU2E EXPERIMENT
Austin J. McElderry, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Nicholas A. Pohlman, Director

The mission of the Fermilab Mu2e experiment is to detect the conversion of muons into
electrons in the field of a nucleus. This conversion process is known as Charged Lepton Flavor
Violation (CLFV) in particle physics. The Mu2e sensitivity is expected to be four orders of
magnitude beyond the SINDRUM II experiment at the Paul Scherrer Institute. To meet this
expectation, the experiment requires a low energy muon beam and a high precision detector. The
Fermilab accelerator complex will be utilized to generate a proton beam in which a production
solenoid (PS) will receive to produce the desired muon beam. The beam will then travel through
the transport solenoids (TS) to a detector solenoid (DS). The sensitive measurement components
such as the proton absorber and calorimeter, simply called the DS train, rest on rails within the
detector solenoid. During installation of the DS train, component positions must meet a ±2 mm
tolerance. To ensure this goal, DS train components will undergo a new design iteration and will
be evaluated through finite element analysis (FEA).

Axial couplers used to connect each

component on the DS train, will be designed and analyzed to prevent buckling and minimize
deflection from the 2000 lb compressive load. A support stand for the instrumentation feedthrough bulkhead (IFB) will be modified to facilitate the expected installation forces in reference
to the ASME Division II guidelines for pressure vessels. The DS train installation process will

need to be reviewed to prevent failures. This includes analyzing the pallet lifter chosen to extract
the external stands the DS train rests on. Analysis is necessary to confirm that the trench grating
that is built into the floor below the DS train will not bend significantly under the loading from the
extraction process. Critical review of the components and installation of the beamline system is
vital to the success of Mu2e.
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CHAPTER 1 INTRODUCTION

1.1

The Mu2e Experiment Purpose

Fermi National Accelerator Laboratory (Fermilab) is the U.S. national laboratory of particle
physics located in Batavia, IL. Fermilab is notable for maintaining a particle accelerator complex
that used for several experiments in the particle physics field. One of these experiments is Mu2e,
a $271M project funded by the Department of Energy with collaboration from laboratories and
universities globally [1]. This thesis is part of the continuing collaboration between Fermilab and
Northern Illinois University.
The objective of Mu2e is to observe the conversion process of muons into electrons in the
field of a nucleus. This is known as Charged Lepton Flavor Violation (CLFV). Observation of
this ultra-rare phenomenon will bring insight of the relationship among the three lepton
generations. Evidence of CLFV will further the understanding of why particles in the same family
decay from heavier to lighter and more stable mass states. Research from Mu2e could open the
pathway to finding what is beyond the standard model [2].
The proposed method to verify the occurrence of the CLFV is to measure the ratio of the
rate of the neutrinoless, coherent conversion of muons into elections in the field of a nucleus,
relative to the rate of ordinary muon capture on the nucleus. One of the objectives of Mu2e is to
have a sensitivity four orders of magnitude beyond what was previously attempted by the
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SINDRUM II experiment at the Paul Scherrer Institute in 1993. To meet this objective, Mu2e
requires a low energy muon beam and a high precision detector [1].

1.2

Particle Physics Theory

Through decades of research and experimentation in the field of particle physics, the
understanding the structure of matter has become clearer. Discoveries of subatomic particles
beyond electrons, protons, and neutrons and explanation of the four fundamental forces created a
need for a unifying theory. Thus, the standard model was developed to organize all the elementary
particles, as shown in Figure 1.1.

Figure 1.1: The standard model of particle physics [3].
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Fermions are classified into two groups: quarks and leptons. Quarks contain six flavors
and three generations. The up and down quarks are known as the first generation and the lightest
and most stable pair of quarks. The larger subatomic particles, protons and neutrons, consist up
and down quarks. The remaining second generation (charm and strange) and third generation (top
and bottom) are considered less stable and decay to the next stable level [4].
Leptons are divided into two groups based on charge as well as the six flavors and three
generations. For groups, the electron, muon, and tau are negatively charged while their respective
neutrinos are neutral. Similar to quarks, the lepton generations are based on the mass and stability.
For leptons, each generation consist of pairs of the negatively charged particle with its
corresponding neutrino [4].
The last group, bosons, are known as the force-carrier particles for three of the four
fundamental forces. Gluons carry the strong nuclear force which binds quarks, commonly to form
protons and neutrons. The W and Z bosons carry the weak nuclear force, responsible for processes
such as radioactive decay. Lastly, the photon is responsible for electromagnetism. Gravitational
force is the weakest and currently is not considered in the standard model [4].
The remaining particle of the standard model is the Higgs boson. In 2012, empirical
evidence was discovered from CERN’s Large Hadron Collider. The Higgs boson serves as a
mechanism through which elementary particles gain mass through the Higgs field [5].
The primary objective of Mu2e is to observe the charged lepton flavor violation (CLFV)
predicted by the standard model for the conversion of muons to electrons. This prediction comes
from the observation that neutrinos oscillate from one flavor to another which verifies that they
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are not massless. Due to the small mass of neutrinos, the rate of neutrinoless conversion of muons
is very small and nearly impossible to observe. Normal muon decay is defined as µ- → e- + νµ +
νe, which conserves the muon and electron number. The CLFV signal for Mu2e is defined as µ - +
N → e- + N, which violates the lepton number decay [1].

1.3

1.3.1

Experiment Overview

Accelerator Complex

The Fermilab campus has an established particle accelerator complex used for numerous
experiments. Muon g-2, another Fermilab experiment, and Mu2e require a similar infrastructure
and were developed together. A simple diagram of the Fermilab accelerator complex is shown in
Figure 1.2.

Figure 1.2: Simplified diagram of the Fermilab accelerator complex [1].
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Mu2e will utilize the main injector, a proton accelerator, to produce an 8 GeV proton beam. The
proton beam is then delivered to a series of solenoids housed in the Mu2e facility [1].

1.3.2

Solenoid System

The solenoid subsystem consists of three coupled super conducting solenoids as shown in
Figure 1.3.

Figure 1.3: Overview of the solenoid system [1].

The proton beam generated by the accelerator complex enters the production solenoid to produce
a muon beam. The muons are then lead to the detector solenoid through the S-shaped transport
solenoid. The detector solenoid houses the muon stopping target and sensitive monitoring systems
to observe the muon-to-electron process. Each solenoid contains a highly controlled environment
capable of manipulating the beams [1].
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1.3.3 Production Solenoid (PS)

The purpose of the production solenoid is to receive the proton beam from the accelerator
and generate a muon beam. This is made possible with the tungsten production target and a graded
magnetic field. An overview is shown in Figure 1.4; the inner bore diameter is 1.5 m and the
length is 4 m.

Figure 1.4: Cross-sectional view of the production solenoid with the magnetic field increasing in
magnitude from right to left [1].

As the proton beam enters the low magnetic field side of the PS, it strikes the fixed
production target where the majority of the protons interact. Remaining protons and secondary
particles are directed to the higher magnetic field (left side of Figure 1.4) and are absorbed by the
PS beam dump. The desired muons and pions are directed to the transport solenoid entrance (right
side of Figure 1.4) thus producing the muon beam. Note that charged pions decay to muons [1].
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1.3.4 Transport Solenoid (TS)

The purpose of the transport solenoid is to direct a low-energy negatively-charged muon
beam to the detector solenoid. The TS consists of solenoids, toroids, absorbers and collimators.
The TS is split into two sections and five sectors. The upstream section consists of TS1, TS2 and
half of TS3 while the downstream section consists of the other half of TS3, TS4, and TS5. An
overview is shown in Figure 1.5. TS1 and TS5 are 1 m long, TS3 is 2 m long, and TS2 and TS4
have a radius of 3 m leading a total length of about 13 m. The inner bore diameter is about 0.5 m.

Figure 1.5: Cross-sectional overview of the transport solenoid [1].
The TS is capable of removing any unwanted particles to produce the desired low-energy
negatively-charged muon beam. The muons in the beam spiral long the field with lower energy
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thus have a smaller turning radius Positively-charged particles are eliminated as the beam travels
through the toriods and drift perpendicular to the toroid axis and are absorbed in the central
collimator at the larger radius. The beam ultimately consists of converged muon particles centered
at TS5 to align with the detector solenoid stopping target [1].

1.3.5

Detector Solenoid (DS)

The purpose of the detector solenoid is to house the muon stopping target as well as the
measurement components. An overview is shown in Figure 1.6; the inner bore diameter is 1.9 m
and the length is 10.9 m.

Figure 1.6: Overview of the detector solenoid [6].
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After the muon beam leaves the TS, it strikes the aluminum stopping target located in the middle
of the proton absorber allowing for the conversion process to occur. Approximately 40% of the
muons are stopped from the target [7]. The graded magnetic field from the DS then captures the
conversion electrons to reflect back towards the detector.
As the muons are stopped in aluminum, byproducts are produced. This includes electrons,
neutrons, protons, neutrinos and gamma rays. Protons generate background for the tracker as well
as age the detector so a proton absorber was implemented into the system. Outside the DS,
concrete shielding and a cosmic ray veto encapsulate the solenoid. Cosmic-ray muons are a
potential source of background as found in previous muon based experiments [1]. The beam then
passes through the tracker which measures the trajectory and momentum of the charged particles.
The calorimeter then identifies and measures the energy of the electrons. Together, the tracker
and calorimeter serve to verify that the electrons originate from the stopping target. The remaining
beam then ultimately arrives to the muon beam stop (MBS) to stop the remaining 60% of the
muons. Beyond the MBS is the internal feedthrough bulkhead (IFB) than caps the end of the DS
bore and allows all the solenoids to maintain a vacuum.

1.3.6

Detector Train

As mentioned, the DS houses the critical measurement components of the Mu2e
experiment. This group is called the detector train (often referred as the DS train) and during the
lifespan of the experiment the components will need to be accessible for periodic servicing. A rail
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system has been developed for the DS train to translate from the DS bore to the facility while being
structurally supported for both insertion and extraction processes. A view of the fully extracted
DS train is shown in Figure 1.7.

Figure 1.7: Overview of the DS train extracted from the DS bore [6].

The railing system is composed of two parts: internal and external. The DS bore contains the
internal railway. A cross-sectional view is shown in Figure 1.8.

11

Figure 1.8: Cross-sectional view of the DS bore rail system [6].

Outside the bore, a series of external stands are bolted to the facility floor to support the
DS train. The stand, shown in Figure 1.9, has the same rails as in the bore and has a length of 2.5
m. The stand shown is one of three variations. The stand system consists of four long linking
stands (Figure 1.9), a long end stand which rests the furthest downstream, and a short 1 m stand
that connects to the DS bore upstream. The proposed method to move the external stands during
DS train movement is to use a pallet lifter.
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Figure 1.9: External stand with the rails displayed [6].

The individual components of the DS train are installed on bearing blocks which are
linked together with axial couplers as shown in Figure 1.10. The axial couplers are installed on
the master rail of the system, thus fixing the relative axial positions of one set of bearing blocks.
The slave rail will not feature couplers to allow transverse movement and prevent the train from
locking on the railway.
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Figure 1.10: Early design iteration of the axial coupler and bearing blocks [6].

The bearing blocks were selected for large load capacity as well as the low coefficient of friction
in the range of 0.002 to 0.006 [8]. Additionally, the previous design iteration of the axial coupler
was found to begin buckling around 35% of the expected maximum loading in a lab test. A new
design iteration was created for this thesis.
The downstream most component is the instrumentation feedthrough bulkhead (IFB) and
its stand shown in Figure 1.11. The IFB serves as the end cap to cap to the DS to create a vacuum
seal through connection of the flanges. Ports along the pressure vessel allow for power, fluid, and
optical services to enter the solenoid without the risk of a leak.
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Figure 1.11: Design iteration of the IFB circa 2015 with the support stand configured from
stainless steel tubing [6].

The IFB stand provides a critical role for the structural integrity of the DS train during installation
and extraction. When the external stands are individually removed from underneath the DS train,
part of the weight of the MBS rests on the IFB through the trunnion connection shown in Figure
1.12.
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Figure 1.12: View of the spherical upstream support and trunnion downstream support for the
MBS [6].

The IFB stand will rest on Hillman rollers. Similar to the bearing blocks, the Hillman roller
model was selected for the high loading capacity and low coefficient in the range of 0.05 to 0.1
[8]. The planned method to install the DS train is through use of hydraulic cylinders connected to
the base of the IFB stand. The hydraulic cylinders will be bolted to the steel floor plates installed
in the facility. Due to the limiting stroke length of the cylinders, the process of installing and
pushing will need to be repeated to push the DS train the full 14 m from the extracted position.
The IFB stand, shown in Figure 1.11, has been determined to be unnecessarily complex in regards
to how the IFB is attached to the stand as well as the overall size which complications the
installation process. The new design iteration and analysis is reviewed in this thesis.
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1.3.7

Facility

A facility for Mu2e is currently in construction. This facility will house the solenoid system
as shown in the conceptual model of the detector hall in Figure 1.13.

Figure 1.13: Conceptual model of the detector hall [1].

From the basement floor in Figure 1.13, there is a trench built into the hall for service routing of
the components in the solenoid system. The proposed method for extracting the external stands
during the installation process (see Figure 1.7) is to use a pallet lifter. One task is to determine if
the standard trench grating planks can bear the load from the fully loaded pallet lifter. The other
task is to design a unique trench plank for the latest IFB stand design iteration. When the DS train
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is fully installed, one of the IFB rollers rests on the trench. It is vital that the trench can support
the stand under the maximum predicted load without significant deflection to easily install the IFB
flange to the DS flange.

1.4

Thesis Objective

The purpose of this thesis is to design and analyze components critical to the beamline
system in the Mu2e experiment. This included three main objectives. The first is to perform finite
element analysis (FEA) on the next iteration of the IFB stand with reference to the ASME Division
II guidelines for pressure vessels [8]. The second objective is to verify the strength of the trench
floor grating located in the Mu2e facility. This included evaluation of a plank design from a
supplier, design of a custom plank for excessive loads, and a free-body analysis of the external
stand removal process. The plank requirements were based on guidelines set by the Aluminum
Design Manual [9]. The third objective is the design, FEA, and experimental test of axial couplers
that link the major components on the DS train. The new axial coupler design iteration was created
to meet guidelines set by the AISC Steel Construction Manual [10]. In combination, these design
analyses further advance the design maturity to be approved for the fabrication of DS components
in fiscal year 2018.
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CHAPTER 2 DETECTOR TRAIN FREE-BODY ANALYSIS

2.1

Overview

A free-body analysis of the detector train is critical for the design of the structural components.
Previous analyses have been performed to determine the loading on the DS bore, the external
stands, and the bearing blocks. The first analysis was primarily focused on gravitational loads
rather than installation and extraction loads, but it provided a foundation for further analysis [12].
More recently, an installation analysis was performed and determined that the required installation
force in the axial direction was to be 8900 N (2000 lbf) [8]. This analysis was performed with
previous design iterations of DS train components. The following analysis serves two purposes.
The first purpose is to more accurately determine the installation force since the IFB stand has
undergone a significant design change. The proposed method of the DS train installation is through
hydraulic cylinders fixed to the IFB stand base. Determining the installation force is necessary to
size the hydraulic cylinder system. The second purpose is to determine the reaction forces between
the individual DS train components. Both the installation force and the gravitational loading of
the MBS onto the IFB were required to understand all forces on the IFB stand in order to provide
an accurate representation for the finite element analysis.
For the analysis, it was assumed that the proton absorber, tracker, and calorimeter were fully
supported by the rails. The upstream end of the MBS was also supported by the rails however the
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downstream is strictly supported by the IFB and its stand. Further explanation of how the
gravitational loading was determined is found in Mu2e document 5134 [12]. The resulting freebody diagram is shown in Figure 2.1.
The free-body analysis is split into the individual subsystems: proton absorber, tracker,
calorimeter, MBS, and IFB. The maximum coefficient of friction for the bearing blocks on the
rails (0.006) and the Hillman rollers (0.1) were used for this analysis [8]. Additionally, this
assumed to be a steady state analysis, so axial acceleration was set to zero. The following sections
develop the equations of motion of each subsystem. For all equations, m is mass, g is gravitational
acceleration, W is weight, L is a length in the axial direction, H is a height in the vertical direction,
R is an axial reaction force, N is a normal reaction force, µ is the coefficient of friction, and F is
the force due to friction. Subscripts on these variables representing the position along the beamline
direction. A starts at the first bearing block in the DS with subsequent alphabetic increase moving
along the beamline direction.
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Figure 2.1: Simplified free-body diagram of the DS train based on previous analyses [8, 12].
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2.2

Proton Absorber

The loading expected at points A, B, C, D, E, and F are provided in Table 2.1.
Table 2.1: Gravitational loads for the proton absorber [12].
WA

1373.4 N

WB

1373.4 N

WC

637.65 N

WD

637.65 N

WE

1520.6 N

WF

1520.6 N

mProton Absorber

720 kg

It can be concluded through summation of the vertical forces on the proton absorber that the total
normal force, NAF, is found in Equation (2.1).
𝑁𝐴𝐹 = 𝑊𝐴 + 𝑊𝐵 + 𝑊𝐶 + 𝑊𝐷 + 𝑊𝐸 + 𝑊𝐹 = 7063 𝑁

(2.1)

Additionally, through summation of the axial forces, the reaction force, R1, is calculated in
Equation (2.2) based on the listed assumptions.
𝑅1 = 𝜇𝑅𝑎𝑖𝑙 𝑁𝐴𝐹 − 𝑚𝑃𝑟𝑜𝑡𝑜𝑛 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑥̈ 𝑃𝑟𝑜𝑡𝑜𝑛 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑟 = 42.4 𝑁

(2.2)
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2.3

Tracker

The loading at points G and H are 25506 N and 26487 N respectively [12]. The maximum
foreseeable mass of the tracker is 5300 kg. Through the summation of vertical forces on the
tracker, the total normal force, NGH, as calculated in Equation (2.3).
𝑁𝐺𝐻 = 𝑊𝐺 + 𝑊𝐻 = 51993 𝑁

(2.3)

Because R1 is the reaction force of the tracker on to the proton absorber, R2, the reaction force of
the proton absorber on to the tracker must be equal in magnitude. Note that the remaining axial
reaction forces will follow the same logic. Through summation of the axial forces, the reaction
force, R3, is calculated in Equation (5.42).
𝑅3 = 𝑅2 + 𝜇𝑅𝑎𝑖𝑙 𝑁𝐺𝐻 − 𝑚𝑇𝑟𝑎𝑐𝑘𝑒𝑟 𝑥̈ 𝑇𝑟𝑎𝑐𝑘𝑒𝑟 = 354.34 𝑁

2.4

(2.4)

Calorimeter

The loading at points I and J are 18149 N and 18639 N respectively [12]. The maximum
foreseeable mass of the calorimeter is 3750 kg. Through the summation of vertical forces on the
tracker, the total normal force, NIJ, as calculated in Equation (2.5).
𝑁𝐼𝐽 = 𝑊𝐼 + 𝑊𝐽 = 36788 𝑁

(2.5)

Through summation of the axial forces, the reaction force, R5, is calculated in Equation (2.6).
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𝑅5 = 𝑅4 + 𝜇𝑅𝑎𝑖𝑙 𝑁𝐼𝐽 − 𝑚𝐶𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑥̈ 𝐶𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟 = 575.06 𝑁

2.5

(2.6)

Muon Beam Stop

The MBS rests on four bearing blocks in the upstream support and four bearing blocks in
the downstream support. In previous analyses, the points K and L were reserved for the upstream
blocks and M and N were for the downstream blocks. To simplify the analysis, the points K and
L were combined into a singular force that acts between the two locations. Similarly, points M
and N were combined, however rather than resting on the bearing blocks, the point lies on the
trunnion connection to the IFB. Furthermore, the MBS weight is estimated to be the a reasonable
maximum foreseeable that incorporates design changes and additional service routing. Through
summation of the vertical forces, summation of the axial forces, and summation of moments about
the center of gravity, Equation (2.7), Equation (2.8), and Equation (2.9) are found.
𝑁𝐾𝐿 + 𝑁𝑀𝑁 − 𝑊𝑀𝐵𝑆 = 0

(2.7)

𝑅6 − 𝑅7 + 𝜇𝑅𝑎𝑖𝑙 𝑁𝐾𝐿 = 𝑚𝑀𝐵𝑆 𝑥̈ 𝑀𝐵𝑆

(2.8)

(𝐿𝑀𝐵𝑆 − 𝐿𝑀𝐵𝑆 𝐶𝐺 )𝑁𝑀𝑁 − (𝐿𝑀𝐵𝑆 𝐶𝐺 − 𝐿𝑆𝑢𝑝𝑝𝑜𝑟𝑡 )𝑁𝐾𝐿 + 𝐻𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑅6 + 𝐻𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝜇𝑅𝑎𝑖𝑙 𝑁𝐾𝐿 = 0

(2.9)

Equation (2.7), Equation (2.8), and Equation (2.9) can be put into matrix form to solve for NKL,
NMN, and R7 shown in Equation (2.10).
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1
1
0 −1
𝑊𝑀𝐵𝑆
𝑁𝐾𝐿
𝜇
0
−1
𝑅𝑎𝑖𝑙
[𝑁𝑀𝑁 ] = [
] [𝑚𝑀𝐵𝑆 𝑥̈ 𝑀𝐵𝑆 − 𝑅6 ]
−𝐻𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑅6
𝑅7
(𝜇𝑅𝑎𝑖𝑙 𝐻𝑆𝑢𝑝𝑝𝑜𝑟𝑡 − 𝐿𝑀𝐵𝑆 𝐶𝐺 + 𝐿𝑆𝑢𝑝𝑝𝑜𝑟𝑡 ) (𝐿𝑀𝐵𝑆 − 𝐿𝑀𝐵𝑆 𝐶𝐺 ) 0

(2.10)

The lengths and mass measured in the MBS model are shown in Table 2.2.
Table 2.2: MBS model measurements [13].
HSupport

678 mm

LMBS

4086 mm

LMBS CG

2253 mm

LSupport

275 mm

mMBS

5000 kg

WMBS

49050 N

Through substitution of the MBS measurements into Equation (2.10), NKL, NMN, and R7 are found
to be 23720 N, 25330 N, and 717.4 N respectively.

2.6

Instrumentation Feedthrough Bulkhead

From Figure 2.1, the upstream roller is called point O and the downstream roller is called
point P to stay consistent with the previously established naming system. Additionally, the weight
of the IFB and its stand were treated as separate variables for the summation of forces in the axial
and vertical directions. This was done to make the analysis easier if the stand were to change
significantly for another design iteration. The variable, WMN, is the gravitational loading from the
MBS onto the IFB trunnions. WMN is equal to NMN since it is a reaction force. Lastly, T is defined
as the required force to install the DS train when located at the base of the IFB stand. Through
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summation of the vertical forces, summation of the axial forces, and summation of moments about
the center of gravity, Equation (2.11), Equation (2.12), and Equation (2.13) are found.
−𝑊𝑀𝑁 − 𝑊𝐼𝐹𝐵 − 𝑊𝑆𝑡𝑎𝑛𝑑 + 𝑁𝑂 + 𝑁𝑃 = 0

(2.11)

𝑅8 + 𝜇𝑅𝑜𝑙𝑙𝑒𝑟 𝑁𝑂 + 𝜇𝑅𝑜𝑙𝑙𝑒𝑟 𝑁𝑃 − 𝑇 = (𝑚𝐼𝐹𝐵 + 𝑚𝑆𝑡𝑎𝑛𝑑 )𝑥̈ 𝐼𝐹𝐵

(2.12)

−𝐻𝑀𝑁 𝑅8 − 𝐿𝑀𝑁 𝑊𝑀𝑁 − 𝐻𝑇 𝑇 + (𝜇𝑅𝑜𝑙𝑙𝑒𝑟 𝐻𝑅𝑜𝑙𝑙𝑒𝑟 + 𝐿𝑆𝑡𝑎𝑛𝑑 − 𝐿𝑂 )𝑁𝑃

(2.13)

+ (𝜇𝑅𝑜𝑙𝑙𝑒𝑟 𝐻𝑅𝑜𝑙𝑙𝑒𝑟 − 𝐿𝑂 )𝑁𝑂 = 0
Equation (2.11), Equation (2.12), and Equation (2.13) can be put into matrix form to solve for NO,
NP, and T shown in Equation (2.14).
1
1
0 −1 𝑊𝑀𝑁 + 𝑊𝐼𝐹𝐵 + 𝑊𝑆𝑡𝑎𝑛𝑑
𝑁𝑂
𝜇
𝜇
−1
[𝑁𝑃 ] = [
] [(𝑚𝐼𝐹𝐵 + 𝑚𝑆𝑡𝑎𝑛𝑑 )𝑥̈ 𝐼𝐹𝐵 − 𝑅8 ]
𝑅𝑜𝑙𝑙𝑒𝑟
𝑅𝑜𝑙𝑙𝑒𝑟
(𝜇𝑅𝑜𝑙𝑙𝑒𝑟 𝐻𝑅𝑜𝑙𝑙𝑒𝑟 − 𝐿𝑂 ) (𝜇𝑅𝑜𝑙𝑙𝑒𝑟 𝐻𝑅𝑜𝑙𝑙𝑒𝑟 + 𝐿𝑆𝑡𝑎𝑛𝑑 − 𝐿𝑂 ) −𝐻𝑇
𝐻𝑀𝑁 𝑅8 + 𝐿𝑀𝑁 𝑊𝑀𝑁
𝑇

Table 2.3 shows the lengths and masses measured in the IFB model.
Table 2.3: IFB model measurements.
LStand

1855 mm

LO

767 mm

LMN

160 mm

HRoller

1738 mm

HT

1500 mm

HMN

530 mm

mIFB

2760 kg

mStand

1055 kg

WIFB

27076 N

WStand

10350 N

WMN

25330 N

(2.14)
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Through substitution of the IFB measurements into Equation (2.14), NO, NP, and T are found to be
34643 N, 28113 N, and 6993 N respectively.

2.7

Summary

The analysis performed resulted in finding all the estimated gravitational and axial loads for
a steady velocity and zero net acceleration. To get the DS to a steady velocity, the system must be
accelerated. Using the derived equations of motion Figure 2.2 and Figure 2.3 provides the
projected required installation force as well as the axial reaction forces between the components
as function of the system acceleration during installation and extraction respectively.

Figure 2.2: DS train axial forces as a function of the system acceleration in the axial direction for
the installation process with the maximum foreseeable loads specified.
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Figure 2.3: DS train axial forces as a function of the system acceleration in the axial direction for
the extraction process with the maximum foreseeable loads specified.

It is important to note that the initial 8900 N estimate from the previous analysis occurs at an
acceleration about 103.5 mm/s2 during installation and 100.5 mm/s2 during extraction. The source
of the dissimilar accelerations is found at the end constraints on the MBS. When pushed towards
the DS bore during installation, the MBS leans on the bearing blocks on the rails. When extracted,
the MBS leans more towards the IFB and onto the Hillman rollers. Furthermore, the reaction
forces between each of the DS components generally decreases when moving upstream. This is
because there is less friction to overcome and mass to move. The largest axial force for an axial
coupler for the given acceleration is approximately 1586 N between the calorimeter and MBS.
Ultimately, all the designs for the DS train are designed to withstand the maximum 8900 N loading
to remain consistent. Additionally, the vertical loads were plotted as function of the system
acceleration in Figure 2.4 and Figure 2.5.
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Figure 2.4: DS train vertical loads as a function of the system acceleration in the axial direction
for the installation process with the maximum foreseeable loads specified.

Figure 2.5: DS train vertical loads as a function of the system acceleration in the axial direction
for the extraction process with the maximum foreseeable loads specified.
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Based on the assumptions made through the analysis, the vertical loads on the proton absorber,
tracker and calorimeter are constant. Since the upstream end of the MBS is connected to the rails
while the downstream end is resting on the IFB, the load on each end will vary with acceleration.
Figure 2.4 shows that change in load on both ends is less than 5%. Furthermore, as installation
force is applied to the IFB stand, the loading on the upstream Hillman roller decreases and the
downstream roller increases. The opposite is true during extraction. This is important to note
because the high capacity trench grating design in Chapter 4 considers the stationary loading only
since the system will be at rest when installed into the DS bore. The safety margin of the design
is such that the increase in loading from extraction will not be a concern as discussed in the chapter.
The full analysis is found in Appendix A.
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CHAPTER 3 INSTRUMENTATION FEEDTHROUGH BULKHEAD STAND

3.1

Overview

The purpose of this finite element analysis (FEA) is to test the capability of the newly
designed IFB stand with reference to the ASME Division II guidelines for pressure vessels. Based
on the analysis and review of the previous stand design iteration, shown in Figure 3.1, it was
determined to be too difficult to be installed into the DS train for a few reasons.

Figure 3.1: Previous design iteration of the IFB stand circa 2015 [14].
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The four-point contact of the IFB to the stand will be difficult to align the IFB onto the stand. The
geometry of the stand will not allow the IFB to self-align to the stand during installation.
Furthermore, the complexity of the stand geometry poses manufacturing challenges that could also
comprise the alignment. Previous FEA has shown the structure was to experience stress less than
65 MPa, which may indicate the structure is overbuilt for the expected loading [14]. Additionally,
early advancements in the service routing has shown that the previous design may not be easily
accessible. Finally, the upstream rollers are placed directly below the IFB center of gravity, posing
a tipping risk. The proposed method to combat this is through a counter weigh on the base. The
rollers were placed away from the trench to allow more accessibility in the final installation
position. Through reevaluation of this approach, it was decided that the risk of tipping and routing
accessibility through the base to be a higher priority.
A new IFB stand design was developed based on the concerns from the reevaluation of the
previous iteration. The design consists of 0.75” thick stainless steel plates welded together with a
series of fillet welds shown in Figure 3.2.
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Figure 3.2: Downstream view (left) and upstream view (right) of the IFB and its stand.
There are several advantages of the new design. The lower complexity allows for a simpler
manufacturing process and reduction in alignment errors during assembly. The structure features
a 110° saddle for the IFB. Typically, a 120° saddle is recommended for pressure vessels, however
the vertical support diminishes at locations away from the center of the arc [15]. The slimmer
profile also increases service routing accessibility. 7.5” and 5” diameter slots on the front and
sides respectively allow for services to be routed through the circumferential ports into the trench.
Additionally, the IFB center of gravity now rests in the middle of all four Hillman rollers and
reduces the risk of tipping. However, the upstream rollers will rest on the facility trench when the
DS train is fully installed. This requires the design a high capacity trench plank as discussed in
Chapter 4.
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To test the structural capability of the IFB stand, the model was in imported to ANSYS
Workbench. The system was subjected to four case studies. The first case is the system sitting
stationary with the load of the MBS. The second case is a model of the system during the DS train
installation. Similarly, the third case is a model of the system during DS train extraction. Lastly,
the fourth case simulates the final installation position when the DS is pressurized.
In each case, the rollers were fixed in all directions and the installation/extraction forces
were applied to the trunnions of the IFB (see Figure 1.12). The purpose for this decision is to
properly constrain the model as well as provide a surface for the forces to be applied. Furthermore,
the applied force will be 8900 N (2000 lb) which is the accepted maximum installation force for
the design of each DS train component [8].

3.2

Model and Contacts

To reduce computational time, the original model was simplified to the essential structural
components. All the IFB bolts and seals were removed and the holes were filled. The cover
contact area on the IFB were imprinted to the surface of the frame and removed. This was done
to make the structure not reliant on the strength of the covers. Additionally, the Hillman roller
surfaces were imprinted onto the base of the stand to easily apply boundary conditions as well as
removing unnecessary components for meshing. Lastly, the entire model was cut in half and
symmetry was applied to reduce the total number of elements. Symmetry can be applied for all
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four cases since all applied loading is symmetric. The resulting model with simplified features is
shown in Figure 3.3.

11:00 Port

Frame

Flange
10:00 Port

Shell
Front Plate

7:00 Port
8:00 Port

Base Plate

Side Plate

Inner Beam

Gusset

Bottom Plate

Outer Beam

Figure 3.3: Downstream view (left) and upstream view (right) of the IFB system FEA model.

A previous iteration of the FEA found during extraction, the bottom upstream corner formed
an area with larger stress on the base plate since the IFB was leaning into the side plate. The
iteration shown in this chapter features a gusset to distribute the loading in this location.
Furthermore, a FEA was performed with a series of skip welds in the model. The results of that
analysis showed many difficult to overcome stress concentrations and singularities. For this
chapter, the model does not feature welds and relies on the bonded contact which is a common
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practice. This allowed for a more accurate convergence study to be performed on the merit of the
structural design.

3.3

Material Properties

Material properties of the IFB stand were based on properties listed in Section II of the
ASME Boiler and Pressure Vessel Code. The stand consists of A240 type 316L stainless steel
plates. The maximum allowable stress for the plates and the IFB shell is 115 MPa for temperatures
-29°C – 38°C [9]. The experiment hall is regulated to maintain a temperature of 20°C – 27°C [6].
The recommended filler metal for welding 316L plates is E316L. ASME lists the minimum
tensile strength to be 520 MPa [16]. AWS lists the minimum tensile strength as 482 MPa and the
minimum yield strength as 172 MPa. Additionally, AWS lists for fillet welds that the shear stress
on the effective area is to be less than 30% of the nominal tensile strength of the filler material
except shear stress on the base material will not exceed 40% of the yield strength of the base
material [17].
For this analysis, the stainless steel properties listed in the ANSYS Workbench library were
implemented for every component shown in Figure 3.3. The material properties listed are density
as 7750 kg/m3, the elastic modulus as 193 GPa, and Poisson’s ratio as 0.31 [18]. The stress found
in each component is expected to be less than the minimum yield strength listed by ASME as well
as take in consideration regions in the model than may yield welds.
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3.4

Mesh

The entire model consisted of a hex dominant mesh. Hexahedra elements are more efficient
at achieving convergence among the different element types offered in ANSYS Workbench [19].
The system element size was ranged from 10 mm to 3.3 mm. A sample of the final mesh is shown
in Figure 3.4.

Figure 3.4: Sample of the most refined system mesh.

Convergence studies on mesh dimensions are provided in Appendix B, C, D, and E. Due to the
geometric complexity of some of the components, there were stress concentrations and
singularities as discussed in the following sections.
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3.5

Case 1: Stationary Loading

3.5.1

Boundary Conditions

There are three boundary conditions for Case 1 shown in Figure 3.5. Standard earth gravity
is applied in the negative y-direction. The Hillman roller areas are fixed in all directions. Lastly,
a 12665 N load in the negative y-direction from the MBS is applied to the trunnion connection
area as estimated from a free-body diagram of the DS train system.

Figure 3.5: Case 1 boundary conditions. The right image shows the underside of the IFB stand
with fixed areas where the Hillman rollers mount.
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3.5.2

Deformation

The resulting deformation plots are provided in Figure 3.6. The plots show that the IFB
leans into the front plate towards the downstream Hillman rollers (+Z-Axis) when sitting
stationary. The maximum total displacement is less than 1 mm which satisfies the design
specification.

Figure 3.6: Case 1 total deformation (left), vertical deformation (middle) and axial deformation
(right).
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3.5.3

Stress

The von-Mises stress for the full assembly is shown in Figure 3.7. Areas of high stress are
located on base plate, bottom plate, and the two beams. Note that von-Mises stress plots for each
component are provided in Appendix B.

Figure 3.7: Case 1 von-Mises stress of the full system.

40
Starting with the base plate in Figure 3.8, the maximum stress occurs on the corner of the
imprinted Hillman roller area. The stress is localized around a single node and is classified as a
singularity. The singularity is likely occurring from the sharp corner of the fixed support. Note
that this phenomenon occurs for each case study.

Figure 3.8: Maximum von-Mises stress on the base plate for Case 1 located towards the fixed
supports.

Based on observations of the elements away from the singularity, the actual stress is closer to 60
MPa. Since the Hillman rollers are to be bolted onto the base plate rather than welding, the stress
in this location is satisfactory. Beyond the base plate, higher stresses occur on the bottom plate,
inner beam and the outer beam as shown in Figure 3.9, Figure 3.10, and Figure 3.11 respectively.
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Figure 3.9: Von-Mises stress on the bottom plate for Case 1.

Figure 3.10: Von-Mises stress on the inner beam for Case 1.
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Figure 3.11: Von-Mises stress on the outer beam for Case 1.

The stress plots show higher stresses towards the end of the bottom plate and the corresponding
contacting regions on the beams. On the bottom plate, the stress appears to localized to the short
edge on a few nodes. The high stress also appears to be limited to a few nodes on the beams. This
is a stress concentration on the bottom plate from a sharp corner and stress singularities on the
beams from a point load created from the bottom plate. As a precaution, a thicker weld is
recommended in this region. Observing the stress a few elements away from the singularities show
that the stress is below 35 MPa each of the components. If the singularity on the base plate is
ignored, all the components found in Appendix B are below the 115 MPa allowable stress.
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3.6

Case 2: Installation Loading

3.6.1

Boundary Conditions

There are four boundary conditions for Case 2 shown in Figure 3.12. Standard earth gravity
is applied in the negative y-direction. The Hillman roller areas are fixed in all directions. A 12665
N load in the negative y-direction from the MBS is applied to the trunnion connection area as
estimated from a free-body diagram of the DS train system. Lastly, an installation force of 4450
N is applied to the trunnion connection in in the positive z-direction.

Figure 3.12: Case 2 boundary conditions. The right image shows the underside of the IFB stand
with fixed areas where the Hillman rollers mount.
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3.6.2

Deformation

The resulting deformation plots are provided in Figure 3.13. The plots show the IFB
leaning into the front plate towards the downstream Hillman rollers (+Z-Axis). The maximum
total displacement is about 1.5 mm. Since in this case the system is considered to be in motion,
the maximum deformation is not crucial until the system is at rest.

Figure 3.13: Case 2 total deformation (left), vertical deformation (middle) and axial deformation
(right).
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3.6.3

Stress

The von-Mises stress for the full assembly is shown in Figure 3.14. Areas of high stress
are located on base plate, bottom plate, the two beams, and the front plate. Note that von-Mises
stress plots for each component are provided in Appendix C.

Figure 3.14: Case 2 von-Mises stress of the full system.
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Similar to Case 1, Case 2 has a stress singularity on the corner of the downstream roller contact
area boundary condition shown in Figure 3.15. The magnitude of the stress is higher than Case 1
because the IFB is leaning into the downstream rollers.

Figure 3.15: Maximum von-Mises stress on the base plate for Case 2 located towards the fixed
supports.

Through observation of the elements in the local area of the singularity, the stress is more
realistically 87 MPa. This stress will not be an issue since the Hillman rollers are bolted into the
base plate. Again, beyond the base plate, large stresses occur on the short edge of the bottom plate
and onto the two beams shown in Figure 3.16, Figure 3.17, and Figure 3.18.
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Figure 3.16: Von-Mises stress on the bottom plate for Case 2.

Figure 3.17: Von-Mises stress on the inner beam for Case 2.
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Figure 3.18: Von-Mises stress on the outer beam for Case 2.

The results are very similar to Case 1. The maximum stress is localized to a few nodes on the
beams and the bottom plate. The stress is more realistically about 45 MPa when observing the
elements around the singularity. As recommended before, a thicker weld should be placed in this
region as a precaution. In addition, the edge on the bottom corner of the front plate shows higher
stress in Figure 3.19.
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Figure 3.19: Von-Mises stress on the front plate for Case 2.

The maximum stress occurs along the downstream edge of the front plate. This is expected since
the IFB is leaning into the plate. Since the high stress region is localized on the edge, it can be
concluded that this is a stress concentration on a sharp edge. By ignoring the stress concentration
and looking at the region away from the edge, the stress is about 30 – 45 MPa. Again, a thicker
weld is recommended in this region as a precaution. If the singularity on the base plate is ignored,
all the components found in Appendix C are below the 115 MPa allowable stress.
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3.7

Case 3: Extraction Loading

3.7.1

Boundary Conditions

There are four boundary conditions for Case 3 shown in Figure 3.20. Standard earth gravity
is applied in the negative y-direction. The Hillman roller areas are fixed in all directions. A 12665
N load in the negative y-direction from the MBS is applied to the trunnion connection area as
estimated from a free-body diagram of the DS train system. Lastly, an extraction force of 4450 N
is applied to the trunnion connection in in the negative z-direction.

Figure 3.20: Case 3 boundary conditions. The right image shows the underside of the IFB stand
with fixed areas where the Hillman rollers mount.
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3.7.2

Deformation

The resulting deformation plots are provided in Figure 3.21. The plots show the IFB
leaning away from the front plate towards the upstream Hillman rollers (-Z-Axis). The maximum
total displacement is about 0.36 mm. The deformation in this case is not considered to be crucial
since the system is considered to be in motion.

Figure 3.21: Case 3 total deformation (left), vertical deformation (middle) and axial deformation
(right).
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3.7.3

Stress

The von-Mises stress for the full assembly is shown in Figure 3.22. Areas of high stress
are located on base plate, bottom plate, the two beams, and the side plate. Note that von-Mises
stress plots for each component are provided in Appendix D.

Figure 3.22: Case 3 von-Mises stress of the full system.
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Similar to Case 1 and Case 2, the base plate, shown in Figure 3.23, has a singularity localized at
the sharp corner of the fixed boundary condition of the Hillman roller.

Figure 3.23: Stress singularity located on the base plate for Case 3.

By ignoring the singularity, the stress is about 65 – 85 MPa in the region. The similar effect as
described in Case 1 and Case 2 occurs on the beams and the bottom plate as shown in Appendix
D. Additionally, the effect of sharp edges also occurs on the gusset onto the side plate shown in
Figure 3.24 and Figure 3.25.
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Figure 3.24: Von-Mises stress plot of the gusset for Case 3.

Figure 3.25: Stress singularity on the edge of the side plate where it meets the gusset for Case 3.
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As the extraction force pushes on the IFB, the side plate leads into the gusset. The sharp edge of
the gusset intercepts into the sharp edge of the side plate. The two interacting sharp edges do not
effectively distribute the loading, creating a singularity at a node. Looking at the elements around
the singularities and edges, the stress is close to 45 – 50 MPa. If the singularity on the base plate
is ignored, all the components found in Appendix D are below the 115 MPa allowable stress.

3.8

Case 4: Pressurized Loading

3.8.1

Boundary Conditions

The purpose of Case 4 is to test the stand when the IFB is pressurized and installed on the
DS. Several boundary conditions were applied as shown in Figure 3.26. Standard earth gravity is
applied in the negative y-direction. The Hillman roller areas are fixed in all directions. A 12665
N load in the negative y-direction from the MBS is applied to the trunnion connection area as
estimated from a free-body diagram of the DS train system. Additionally, 435 N were applied to
the resisting friction from the DS train. Previous analyses have shown the frame to move inward
when pressurized, so friction must be applied. The flange is fixed in all directions to simulate the
bolted connection to the DS. Finally, the vacuum pressure onto the IFB covers are applied to the
frame and circumferential port flanges.
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Figure 3.26: Case 4 boundary conditions. The right image shows the underside of the IFB stand
with fixed areas where the Hillman rollers mount and the IFB flange.

As mentioned, the covers were imprinted on the frame and removed from the model to
focus on the structural capability of the stand and IFB structure. When pressurized, the covers
experience 0.103 MPa (15 psi) [20]. To accurately place a pressure load, the equivalent pressure
on the frame from the covers were found based on the ratio of the surface area of the covers to the
imprinted surfaces. The applied pressures are 0.588 MPa on the center ring, 0.382 MPa around
the spokes, and 0.262 MPa on the circumferential ports.
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3.8.2

Deformation

The resulting deformation plots are provided in Figure 3.27. The results show there is
minimal vertical deformation. The fixed support on the flange reduces the vertical loading from
the IFB onto the stand thus reducing deformation. In contrast, there is significant axial deformation
on the trunnion. The applied pressure is causing the frame to bend inwards with the trunnion being
the point of maximum deformation (1.39 mm). This is a potential issue since the DS train
components must maintain a ±2 mm axial tolerance. The applied pressure and the stiffness of the
IFB frame will need to be revaluated to meet the experiment requirements.

Figure 3.27: Case 4 total deformation (left), vertical deformation (middle) and axial deformation
(right).
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3.8.3

Stress

The von-Mises stress for the full assembly is shown in Figure 3.28. Areas of high stress
are located on the frame, the shell, the circumferential ports, and the front plate. Note that vonMises stress plots for each component are provided in Appendix E.

Figure 3.28: Case 4 von-Mises stress of the full system.
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The maximum stress from the assembly occurs on the frame, shown in Figure 3.29 and in
more detail in Figure 3.30. The stress occurs along the sharp edge around the circumference. The
stress is limited to a line of nodes can is classified as a stress concentration. The concentration is
developed when the applied pressure deforms the frame such that the edge is resting on the interior
of the shell. Looking at the nodes away from the edge, the stress is more likely 45 – 60 MPa.

Figure 3.29: Frame von-Mises stress.
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Figure 3.30: Frame stress concentration.

The shell that houses the frame contains higher stress in the wave-like region around the
circumferential ports shown in Figure 3.31. The maximum stress occurs along a line of nodes that
are in contact to the edge of the frame. The sharp corner of the frame creates a stress concentration
along the contact region, shown in Figure 3.32. The maximum stress in the region is more likely
50 – 70 MPa when observing the elements away from the concentration.
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Figure 3.31: Interior (left) and exterior (right) of the shell von-Mises stress plot.

Figure 3.32: Maximum von-Mises stress region in the shell interior.
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The pressurized frame that created the wave-like region in Figure 3.31, also transferred the load
onto the circumferential ports. The 11:00 port is shown in Figure 3.33. The maximum stress
occurs on the region facing the wave-like pattern in the positive z-direction. Additionally, the
ports are pressurized on the outer flange surface, not shown in Figure 3.33, but located on the
positive y-direction end. The combination of pressures develops larger stresses around the
contacting region to the shell. This behavior is consistent with all the ports as shown in Appendix
E.

Figure 3.33: 11:00 circumferential port von-Mises stress.
Finally, the remaining component with significant stress is the front plate shown in Figure
3.34. The plate experiences lowered vertical loading from previous analyses due to the fixed IFB
flange, however, the plate provides resistance for the shell when the IFB is pressurized. As a
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result, the sharp edge of the saddle is loaded against the shell. As previously explained, a stress
concentration is developed along the edge and localized only the edge. Looking the local elements,
the stress in the region is about 28 – 43 MPa. As a precaution, the welds in this region should be
full length for consideration of fatigue during the operation of Mu2e.

Figure 3.34: Front plate von-Mises stress (left) and maximum von-Mises stress (right).

If the stress concentration along the edge of the frame is ignored, all the components found in
Appendix E are below the 115 MPa allowable stress.
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3.9

Summary

Through evaluation of each case study and identification of stress concentration and
singularities, it can be concluded that each of the stand components as well as the IFB components
are below the ASME allowable stress limit of 115 MPa [9]. However, there are regions of possible
concern if the proposed skip weld were to be implemented. The ends of the bottom plate that are
in contact to the beams, as well as the contact area of the shell onto the front and side plates show
stresses of 60 – 100 MPa. If the proposed method to implement 2” skip welds into the entire stand
assembly, these areas of high stress could possibly reach the shear yield limit on the welds and
make the welds more susceptible to fatigue during the operation of Mu2e. A recommendation is
to weld longer and larger beads on the extremities of all the plates to better distribute the loading
or install additional stiffeners.
Another observation is that the designated slots for the service routing to pass through the
stand show stress below in the immediate regions on the front and side plates. If the scope of
service routing increases by the IFB stand, increasing the slot size should be considered.
Furthermore, another simulation should be pursued when the service routing is close to completion
and when the hydraulic cylinder connection mechanism is designed. The new analysis will more
accurately consider the loading from the service routing as well as provide a better location to
apply the installation and extraction forces.
The last notable observation is when the IFB is pressurized in Case 4. The frame deflects 1.39
mm axially towards the DS bore. This is a concern since all the components on the DS train must
meet a positional ±2 mm tolerance. It is recommended that the 0.103 MPa (15 psi) vacuum
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pressure onto the covers be reevaluated first to determine if this assumption is too large. If the
pressure is accurate, the frame thickness should be increased or the DS train must be locked in
place during operation to prevent the deflection from shifting the DS train positions.
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CHAPTER 4 FACILITY TRENCH GRATING ANALYSIS

4.1

Purpose

The Mu2e facility has a trench into the detector hall floor. The purpose of the trench is to
allow space for the service routing of the DS components without critically obstructing the DS
train. Conventional construction of the facility has sized aluminum plank grating to cover the
trench during the installation of the DS train. Figure 4.1 shows the floor plan of the facility with
the trench covered in the individual grating planks.

Figure 4.1: Floor plan of the facility showing the trench grating. The east-west trench is
highlighted in orange and the north-south trench in blue [21].
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Referring to Figure 4.1, the DS train will be placed over the trench running east to west, and will
be installed towards the far west end where the DS rests.
The external stands serve to support the DS train during the installation and extraction
process from the DS bore. As the DS train is moved, the external stands will need to be either
installed or removed depending on the process. The facility has two alcoves allocated for the
storage of the external stands. The proposed method of moving the stands is with a battery
powered pallet lifter. Figure 4.2 shows the step by step of the removal process [22].

1

2

3

4

5

6

Figure 4.2: Summary of the external stand removal process with the pallet lifter [22].
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During the removal process, the front wheels of the pallet lifter will roll onto the on the east-west
trench in the facility as shown in green in Figure 4.2. Estimated loading on the trench planks from
the pallet lifter was calculated in the following sections to determine if the installed grating is
capable of withstanding the load. Furthermore, the installed grating design was evaluated using
the Aluminum Design Manual to verify the strength of the planks to the supplied loading table
from the manufacturer.
As discussed in Chapter 3, the latest design iteration has the upstream Hillman rollers
extend past the flange of the IFB. This improves stability of the IFB however it will result in one
of the rollers resting on two of the north-south trench planks shown in Figure 4.3.

Figure 4.3: Upstream IFB roller resting positions in red on the facility floor plan (rollers not to
scale) [23].
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The combined weight of the IFB, the stand, and the resting load of the MBS is 62756 N, as shown
in Table 2.3, will exceed the recommending loading of the standard grating that has been installed.
Additionally, the deflection of the planks is important when aligning the IFB flange to the DS bore
flange. In the following sections, an estimated load from the individual upstream roller is
calculated to design high capacity planks in accordance to the Aluminum Design Manual and
considers both strength and deflection.

4.2

Pallet Lifter Overview

The pallet lifter to be used is model SM-20 manufactured by Multiton MMC Corporation is
shown in Figure 4.4.

Figure 4.4: Views of the SM-20 from Multiton (left) [24] and Industrial Building 3 (right) [22].
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The load capacity specified by Multiton is printed on the SM-20 located in Fermilab Industrial
Building 3 and is provided in Table 4.1.
Table 4.1: Multiton SM-20 load capacity.
Distance from Back of Fork
to Center of Load (mm)
600
700
800
900
1000

Load Capacity (kg)
1000
750
640
560
500

The pallet lifter center of gravity (CG) was not listed or found in any available documents. As a
substitution, the geometry was reproduced in CAD from field measurements to get an estimate of
where the CG is located [22]. The calculated CG is based on geometry alone and doesn’t consider
material properties as shown in Figure 4.5.

Figure 4.5: Side view (left) and top view (right) of the produced lifter model from field
measurements [22].
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To compensate for significant errors in the pallet lifter loading calculation, a ± 150 mm tolerance
was assumed to find a range of probable loading from each wheel. Additionally, the layouts of
fork and the wheelbase are shown in Figure 4.5. Note that the lifter is capable of adjusting the
spacing between each prong. The external rail system consists of three differently sized segments
as shown in Figure 4.2. The B and C stands are both 2500 mm in length and are known as the
long stands. The stands are long enough to allow the pallet lifter in between the legs. The mass
of each long stand is 593 kg and the stand CG will be rest 600 mm from the back of the fork when
loaded onto the pallet lifter as shown in Figure 4.6.

Figure 4.6: Top view of the lifter holding the long external stand.
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Referring back to Table 4.1, the long stand will abide by the loading capacity of the pallet lifter.
The remaining stand is the A stand (or the short stand), which has a length of 1180 mm. The
1320.8 mm wide pallet lifter will require ledges to fully support the stand as shown in Figure 4.7.

Figure 4.7: Top view of the lifter holding the short external stand.

The 425 kg short stand will be placed 812.8 mm from the back of the fork. The proposed
loading technique also abides by the loading capacity of the pallet lifter.
Three different cases were analyzed to determine the loading on the front wheels. Case 1
is when the pallet lifter is stationary with an external stand resting on the fork. Case 2 considers
an operator pushing the pallet lifter at a constant velocity while loaded with an external stand.
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Lastly, in Case 3, an operator is pulling the pallet lifter at a constant velocity. The parameters used
for all cases are listed in Table 4.2. All dimensions are consistent for each case free-body diagram
and are relative to the center of the rear wheel. The stand weights were simplified as point loads
and were increased 10% in magnitude to incorporate vibrations during movement.
Table 4.2: List of measurements and parameters used in the pallet lifter free-body analysis.
mL

539 kg

WL

5287.6 N

mS

WS

Pallet Lifter Mass
Pallet Lifter Weight

425 kg

Short Stand Mass

593 kg

Long Stand Mass

4586.2 N

Short Stand Weight (+10% for Vibration)

6399.1 N

Long Stand Weight (+10% for Vibration)

964 kg

Lift + Short Stand Mass

1132 kg

Lift + Long Stand Mass

D

127 mm

Wheel Diameter

μ

0.057

P

-

y1

435 ± 150 mm

y2

1117.6 mm

Handle Vertical Distance

x1

1409.7 mm

Front Wheel Longitudinal Distance

x2

415 ± 150 mm

Center of Gravity Longitudinal Distance

x3

596.9 mm

Back of the Fork Longitudinal Distance

812.8 mm

Short Stand Longitudinal Distance from the Back of the Fork

600 mm

Long Stand Longitudinal Distance from the Back of the Fork

mT

x4
x double dot

0 m/s2

Rolling Resistance [25]
Operator Force
Center of Gravity Vertical Distance

System Longitudinal Acceleration
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4.2.1

Case 1: Stationary Free-body Analysis

The first case is when the pallet lifter is holding an external stand with no applied force
from the operator. The free-body diagram is shown in Figure 4.8, where X values are distances
along the length of the wheelbase and Y are distances vertically from the ground. Furthermore,
W is weight and N is the normal reaction force from the ground.

Figure 4.8: Free-body diagram of the resting pallet lifter with no applied operator force.

Through evaluation of the free-body diagram, the equations of motion, (4.1) and (4.2), are found
using the summation of vertical forces and moments about the pallet lifter center of gravity
respectively.
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𝑁𝑅 + 𝑁𝐹 − 𝑊𝐿 − 𝑊𝑆 = 0

(4.1)

−𝑥2 𝑁𝑅 + (𝑥1 − 𝑥2 )𝑁𝐹 − (𝑥4 + 𝑥3 − 𝑥2 )𝑊𝑠 = 0

(4.2)

Using the equations of motion, the loading from each wheel can be solved in matrix form in
Equation (4.3). Using a varying center of gravity, a range of expected loads are found in Figure
4.9.

[

𝑁𝑅
1
]=[
𝑁𝐹
−𝑥2

−1
𝑊𝐿 + 𝑊𝑆
1
]
[
]
(𝑥1 − 𝑥2 )
(𝑥4 + 𝑥3 − 𝑥2 )𝑊𝑠

(4.3)

Figure 4.9: Reaction forces per wheel on the pallet lifter holding a long stand (left) and a short
stand (right) as a function of the x-location of the center of gravity. The callouts represent the
upper and lower bounds of the estimated location for the center of gravity.
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All expected loads are below the maximum allowable load of 8850 N (1990 lbf) for the trench
grating as listed by Interstate Gratings [26].

4.2.2

Case 2: Forward Motion Free-body Analysis

The second case involves an operator pushing the loaded pallet lifter over the trench grating
at a steady rate (constant velocity). The free-body diagram for this case is shown in Figure 4.10,
where P is the applied force from the operator, F is the force from friction, and D is the diameter
of the wheels.

Figure 4.10: Free-body diagram of the pallet lifter being pushed while loaded with a stand.
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Through evaluation of the free-body diagram, the equations of motion, (4.4), (4.5), and (4.6), are
found using the summation of longitudinal and vertical forces and moments about the pallet lifter
center of gravity respectively.
𝑃 − 𝐹𝑅 − 𝐹𝐹 = 𝑃 − 𝜇𝑁𝑅 − 𝜇𝑁𝐹 = 𝑚𝑇 𝑋̈

(4.4)

𝑁𝑅 + 𝑁𝐹 − 𝑊𝐿 − 𝑊𝑆 = 0

(4.5)

𝐷
𝐷
−𝑥2 𝑁𝑅 + (𝑥1 − 𝑥2 )𝑁𝐹 − (𝑦1 + ) 𝜇𝑁𝑅 − (𝑦1 + ) 𝜇𝑁𝐹 − 𝑦2 𝑃
2
2

(4.6)

− (𝑥4 + 𝑥3 − 𝑥2 )𝑊𝑆 = 0
Using the equations of motion, the loading from each wheel and the required operator force can
be solved in matrix form in Equation (4.7).
−𝜇
−𝜇
1 −1
𝑚 𝑇 𝑋̈
𝑁𝑅
1
1
0
[𝑁𝑅 ] = [
] [
𝑊𝐿 + 𝑊𝑆
]
𝜇𝐷
𝜇𝐷
(−𝑥2 − 𝜇𝑦1 − ) (𝑥1 − 𝑥2 − 𝜇𝑦1 −
) −𝑦2
𝑃
(𝑥4 + 𝑥3 − 𝑥2 )𝑊𝑆
2
2

(4.7)

Using a varying center of gravity, a range of expected loads are found in Figure 4.11 for the short
stand and Figure 4.12 for the long stands.
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Figure 4.11: Reaction force on the rear wheel (left) and front wheel (right) while pushing the
pallet lifter carrying a short stand with the estimated CG range is within the black rectangle.

Figure 4.12: Reaction force on the rear wheel (left) and front wheel (right) while pushing the
pallet lifter carrying a long stand with the estimated CG range is within the black rectangle.
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All expected loads are below the maximum allowable load of 8850 N (1990 lbf) for the trench
grating as listed by Interstate Gratings [26].

4.2.3

Case 3: Reverse Motion Free-body Analysis

The second case involves an operator pulling the loaded pallet lifter over the trench
grating at a steady rate (constant velocity). The free-body diagram for this case is shown in
Figure 4.13.

Figure 4.13: Free-body diagram of the pallet lifter being pulled while loaded with a stand.
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Through evaluation of the free-body diagram, the equations of motion, (4.8), (4.9), and (4.10), are
found using the summation of longitudinal and vertical forces and moments about the pallet lifter
center of gravity respectively.
𝐹𝑅 + 𝐹𝐹 − 𝑃 = 𝜇𝑁𝑅 − 𝜇𝑁𝐹 − 𝑃 = 𝑚𝑇 𝑋̈

(4.8)

𝑁𝑅 + 𝑁𝐹 − 𝑊𝐿 − 𝑊𝑆 = 0

(4.9)

𝐷
𝐷
−𝑥2 𝑁𝑅 + (𝑥1 − 𝑥2 )𝑁𝐹 + (𝑦1 + ) 𝜇𝑁𝑅 + (𝑦1 + ) 𝜇𝑁𝐹 + 𝑦2 𝑃
2
2

(4.10)

− (𝑥4 + 𝑥3 − 𝑥2 )𝑊𝑆 = 0
Using the equations of motion, the loading from each wheel and the required operator force can
be solved in matrix form in Equation (4.11).
𝜇
𝜇
−1 −1
𝑚 𝑇 𝑋̈
𝑁𝑅
1
1
0
[𝑁𝑅 ] = [
] [
𝑊𝐿 + 𝑊𝑆
]
𝜇𝐷
𝜇𝐷
(−𝑥2 + 𝜇𝑦1 + ) (𝑥1 − 𝑥2 + 𝜇𝑦1 + ) 𝑦2
𝑃
(𝑥4 + 𝑥3 − 𝑥2 )𝑊𝑆
2
2

(4.11)

Using a varying center of gravity, a range of expected loads are found in Figure 4.14 for the short
stand and Figure 4.15 for the long stands.
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Figure 4.14: Reaction force on the rear wheel (left) and front wheel (right) while pulling the
pallet lifter carrying a short stand with the estimated CG range is within the black rectangle.

Figure 4.15: Reaction force on the rear wheel (left) and front wheel (right) while pulling the
pallet lifter carrying a long stand with the estimated CG range is within the black rectangle.
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All expected loads are below the maximum allowable load of 8850 N (1990 lbf) for the trench
grating as listed by Interstate Gratings [26].

4.2.4

Summary

A list of all the calculated normal forces and necessary applied forces for all cases are
located in Table 4.3.
Table 4.3: Summary of all pallet lifter loading cases.
Rear Wheel

Front Wheel

Minimum Maximum Minimum Maximum
Load (N) Load (N) Load (N) Load (N)
Short
Stand
Long
Stand

Case 1: Stationary
Case 2: Forward
Case 3: Reverse
Case 1: Stationary
Case 2: Forward
Case 3: Reverse

1584
1232
1877
2067
1650
2414

2147
1854
2499
2630
2283
3047

2790
3083
2438
3214
3560
2796

3353
3705
3060
3776
4193
3430

Operator
Minimum
Applied
Force (N)
562.8
562.8
666.1
666.1

It can be concluded that the load from each individual wheel of the pallet lifter in each case is less
than the maximum allowable load of 8850 N (1990 lbf) for the trench grating as listed by the
supplier [26]. The largest expected load is 4193 N which is 47% of the allowable load. This
includes the additional 10% of the stand weights were incorporated in the calculations to
incorporate vibrations.
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One other observation is that the minimum necessary applied force is 526.8 N, which is
significantly higher than the recommended pushing force of 222.4 N (50 lbf) recommended by
OSHA [27]. It is possible that the rolling resistance, μ, may be lower than initially estimated which
would reduce the required pushing force. Based on the load rating of the pallet lifter, as seen in
Table 4.1, this is a possibility since the design is for industrial use. The full analysis is provided
in Appendix F.

4.3

Standard Grating Overview

The trench in the facility is covered in a series of aluminum planks supplied by Interstate
Gratings. The top surface of the plank is solid and grooved as shown in Figure 4.16. This finish
is known as unpunched since it lacks holes and only has grooves to prevent slipping.

Figure 4.16: Top view of the unpunched surface [26].
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Each plank is 2-1/2” thick, 6” wide and has an effective length of 3’ as shown in Figure 4.17. The
planks rest on anchors installed into the concrete floor.

Figure 4.17: Overview of the trench grating construction plans [21].

The load table provided by Interstate Gratings lists this specific plank with a concentrated load
capacity of 3981 lb/ft of grating width. Since the planks are 6” wide, the maximum concentrated
load is 1990 lb [26]. The purpose of the following analysis is to confirm the maximum allowable
force of the installed grating to the standard set by the Aluminum Design Manual as well as
determine if there is significant deflection.
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4.3.1

Geometry and Material Properties

The cross-sectional dimensions were requested from Ohio Gratings, the supplier
toInterstate Grating, to confirm its strength analytically, however, only a sample piece (size 1-1/4”
x 6” x 12”) was provided. Dimensions were measured using a caliper to estimate the cross section
with 2-1/2” thickness. The measurements are shown in Figure 4.18.

Figure 4.18: Drawing of the cross section of the plank with dimensions measured from physical
sample from Ohio Gratings.

The estimated cross-section has an area of 2.136 in2 and an area moment of inertia of 1.74 in4.
Interstate Grating lists the material as either 6061 or 6063 aluminum that meet ASTM B221
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standards for extruded aluminum parts [26]. Table 4.4 lists the possible material properties of the
installed grating.
Table 4.4: Nominal strengths of different alloys as listed by the Aluminum Design Manual [10].

Alloy

6061
6063
6063
6063
6063

Temper
T6, T6510,
T6511
T5
T5
T52
T6

ASTM
Specification

Thickness
(in)

Ultimate
Tensile
Strength
Ftu (ksi)

Tensile
Yield
Strength
Fty (ksi)

Min. Comp.
Yield
Strength
Fcy (ksi)

Tension
Coefficient
kt

B221, Extrusion

All

38

35

35

1

22
21
22
30

16
15
30
25

16
15
25
25

1
1
1
1

B221, Extrusion
B221, Extrusion
B221, Extrusion
B221, Extrusion

0.501
-

0.5
1
1
1

6063-T5 for thicknesses below 0.5” is considered for the following analysis for a conservative
estimate because of the low yield strength.

4.3.2

Analysis

Since the loading table provides the allowable load as a point load located mid-span on the
plank, this analysis will follow a similar approach for a fair comparison. The plank will be treated
as a simply supported beam as shown in Figure 4.19, and the following analysis is based on the
guidelines of the Aluminum Design Manual [10].
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(A)

(B)

(C)

(D)
Figure 4.19: Free-body diagram (A), shear diagram (B), moment diagram (C), and deflection
diagram (D) [10].

The reaction forces, R1 and R2 are shown in Equation (4.12).

𝑅1 = 𝑅2 =

𝑃
2

(4.12)

The maximum shear forces, V1 and V2 are given in Equation (4.13).

𝑉1 = 𝑉2 =

𝑃
2

(4.13)

The maximum bending moment, Mmax is located mid-span, shown in Equation (4.14).

𝑀𝑚𝑎𝑥 =

𝑃𝐿
4

Lastly, the maximum deflection is given in Equation (4.15).

(4.14)
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𝑑𝑒𝑓𝑚𝑎𝑥

𝑃𝐿3
=
48𝐸𝐼

(4.15)

Section F.2 of the Aluminum design manual lists the nominal flexure strength, Mn, as the lesser of
the conditions listed in Equation (4.16), where Z is the plastic modulus, St is the section modulus
of the tension side and Sc is the section modulus of the compression side.
𝑀𝑛 = 𝑍𝐹𝑐𝑦 ≤ 1.5𝑆𝑡 𝐹𝑡𝑦 𝑎𝑛𝑑 1.5𝑆𝑐 𝐹𝑐𝑦

(4.16)

The plastic modulus, Z, for the standard grating is calculated in Equation (4.17), where At and Ac
are the areas in tension and compression respectively and the corresponding y is the distance
from the neutral bending axis to the area centroid.
𝑍 = 𝑦𝑡 𝐴𝑡 + 𝑦𝑐 𝐴𝑐 = 0.846 𝑖𝑛(1.01 𝑖𝑛2 ) + 0.776 𝑖𝑛(1.13 𝑖𝑛2 ) = 1.731 𝑖𝑛3

(4.17)

The section moduli are calculated in Equation (4.18), where c is the outermost distance from the
neutral axis.
𝐼
1.74 𝑖𝑛4
𝐼
1.74 𝑖𝑛4
3
𝑆𝑡 = =
= 1.221 𝑖𝑛 , 𝑆𝑐 = =
= 1.619 𝑖𝑛3
𝑐𝑡 1.425 𝑖𝑛
𝑐𝑐 1.075 𝑖𝑛

(4.18)

The following are the conditions listed in Equation (4.16).
𝑍𝐹𝑐𝑦 = 1.731 𝑖𝑛3 (16 𝑘𝑠𝑖 ) = 27696 𝑙𝑏 𝑖𝑛
1.5𝑆𝑡 𝐹𝑡𝑦 = 1.5(1.221 𝑖𝑛3 )(16 𝑘𝑠𝑖 ) = 29304 𝑙𝑏 𝑖𝑛

(4.19)

1.5𝑆𝑐 𝐹𝑐𝑦 = 1.5(1.619 𝑖𝑛3 )(16 𝑘𝑠𝑖 ) = 38856 𝑙𝑏 𝑖𝑛
For the limit state of yielding, Equation (4.19) shows that ZFcy is the nominal flexural strength Mn.
The Allowable Strength Design (ASD) method specifies the safety factor, Ω, as 1.65 for buildingtype structures. The allowable yield moment is shown in Equation (4.20).
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𝑀𝑚𝑎𝑥 =

𝑀𝑛 27696 𝑙𝑏 𝑖𝑛
=
= 16785 𝑙𝑏 𝑖𝑛
Ω
1.65

(4.20)

The maximum allowable point load, Pmax, is shown in Equation (4.21).

𝑃𝑚𝑎𝑥 =

4𝑀𝑚𝑎𝑥 4(16,785 𝑙𝑏 𝑖𝑛)
=
= 1865 𝑙𝑏 < 1990 𝑙𝑏
𝐿
36 𝑖𝑛

(4.21)

Based on the guidelines set by the Aluminum Design Manual and conservative assumptions in
material properties, the maximum allowable point load is 6.3% less than the given load rating from
the manufacturer. If 6063-T6 is selected, then the maximum allowable load is 2914 lb and
similarly for 6061, the maximum allowable load is 4079 lb. Using the conservative estimated
maximum load, the maximum deflection is shown in Equation (4.22), where the elastic modulus,
E, is 10100 ksi.

𝑑𝑒𝑓𝑚𝑎𝑥

𝑃𝐿3
1,865 𝑙𝑏 (36 𝑖𝑛)3
=
=
= 0.103 𝑖𝑛
48𝐸𝐼 48(10,100 𝑘𝑠𝑖)(1.74 𝑖𝑛4 )

(4.22)

From Table 4.3, the maximum loading from a front wheel of the pallet lifter is 4193 N (942.6 lb)
based on conservative assumptions such as the additional 10% loading from possible vibration.
With the minimum calculated allowable load, 1865 lb, the pallet lifter will be supported
sufficiently with a minimum safety factor of 1.98. Since the external stands will be installed very
infrequently during the operation of Mu2e, the trench grating will experience a low amount of load
cycles such that fatigue should not be a concern.
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4.4

High Capacity Grating Overview

As a result of the latest design iteration of the IFB stand, one of the upstream Hillman rollers
will rest on two of the grating planks along the north-south trench. The combined weight of the
IFB, the stand, and the MBS resting load is 62756 N (14108 lb) which requires a substitution to
replace the planned installed grating in the final installation position of the DS train. The purpose
of this analysis is to design a new plank that will fit the same space as the original plank (2-1/2” x
6” x 3’) with a larger structural capacity.
A free-body diagram of the IFB stand system is provided in Figure 4.20. This diagram
excludes the installation force for the purpose of finding the resting load on the upstream roller.

Figure 4.20: Free-body diagram of the stationary IFB system.
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Through evaluation of the free-body diagram, the equations of motion, (4.23) and (4.24), are found
using the summation of vertical forces and moments about the center of gravity respectively.
𝑁𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 + 𝑁𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 − 𝐿𝑀𝐵𝑆 − 𝑊𝐼𝐹𝐵+𝑆𝑡𝑎𝑛𝑑 = 0

(4.23)

(𝑋 ∗ 𝑁)𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 − (𝑋 ∗ 𝑁)𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 + (𝑋 ∗ 𝐿)𝑀𝐵𝑆 = 0

(4.24)

Using the measurements listed in Table 4.5, NUpstream is found in Equation (4.25).
Table 4.5: List of dimensions and loads for the IFB static analysis.

𝑁𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚

XUpstream

767 mm

30.197 in

XDownstream

1088 mm

42.835 in

XMBS

160 mm

6.299 in

LMBS

25330 N

5694.4 lb

WIFB+Stand

37426 N

8413.7 lb

𝑋𝑀𝐵𝑆
𝐿𝑀𝐵𝑆 (
+ 1) + 𝑊𝐼𝐹𝐵+𝑆𝑡𝑎𝑛𝑑
𝑋𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚
=
𝑋𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚
1+
𝑋𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚

(4.25)

6.299 𝑖𝑛
5694.4 𝑙𝑏 (
+ 1) + 8413.7 𝑙𝑏
42.835 𝑖𝑛
=
= 8765.88 𝑙𝑏
30.197 𝑖𝑛
1 + 42.835 𝑖𝑛
The resulting loading from the single upstream IFB Hillman roller is approximately 4383 lb. Note
that in Figure 2.5, the maximum loading during movement on the upstream rollers is 8259 lb.
(36.74 kN) which is 4129.5 lb. per roller. The loading in this static case is larger since there is no
applied moments from the installation force, friction, and axial reaction force. The lack of these
moments changes the load distribution between the upstream and downstream rollers. The high
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capacity plank is expected to structurally support the calculated load with a safety factor greater
than 2 while also minimizing deflection. The Aluminum Design Manual is referenced when
determining the load capacity.

4.4.1

Geometry and Material Properties

The designed plank has a double I-beam cross-section as shown in Figure 4.21. It will be
constructed of 0.5” thick 6061 aluminum plates, a size available from suppliers. This design fits
the same volume as the standard grating (2-1/2” x 6” x 3’).

Figure 4.21: High capacity plank cross-section.
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The cross-section has an area of 7.5 in2 and an area moment of inertia of 6.41 in4. Similar to the
installed grating, the effective length is 3’ which will be used in the following analysis. The
material properties of 6061 aluminum listed in Table 4.4, will also be incorporated in the analysis.

4.4.2

Analysis

The following is the analysis of the two planks with the roller applying a distributed load
as shown in Figure 4.22.

(A)

(B)

(C)

(D)

Figure 4.22: Free-body diagram (A), shear diagram (B), moment diagram (C), and deflection
diagram (D) [10].
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Two planks are considered since the roller rests along the division of two planks as shown in Figure
4.3. The distributed load, w, is the 4383 lb. spread across the 10.625” long Hillman roller and is
located in the longitudinal center of the two planks. The location was selected for two reasons.
The direct middle will experience the maximum bending moment and deflection. The plank is
designed for the worst possible loading condition. If the IFB stand were to undergo another design
iteration, the plank design should remain satisfactory to the needs of the system. Table 4.6 lists
the load and lengths in reference of Figure 4.22.
Table 4.6: List of parameters for the high capacity plank analysis.
Distributed Load w

412.52 lb/in

Length a

12.6875 in

Length b

10.625 in

Length c

12.6875 in

Length L

36 in

The reaction forces, R1 and R2 are shown in Equation (4.26).

𝑅1 =

𝑤𝑏
(2𝑐 + 𝑏),
2𝐿

𝑅2 =

𝑤𝑏
(2𝑎 + 𝑏)
2𝐿

(4.26)

The maximum shear forces, V1 and V2 are given in Equation (4.27).

𝑉1 =

𝑤𝑏
(2𝑐 + 𝑏),
2𝐿

𝑉2 =

−𝑤𝑏
(2𝑎 + 𝑏)
2𝐿

(4.27)

The shear forces if the a ≤ x ≤ (a+b) region are given in Equation (4.28).

𝑉(𝑥) =

𝑤𝑏
(2𝑐 + 𝑏) − 𝑤(𝑥 − 𝑎)
2𝐿

(4.28)
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The resulting shear force diagram is provided in Figure 4.23.

Figure 4.23: Shear force as a function of longitudinal position.

In the 0 ≤ x ≤ a region the bending moment is shown in Equation (4.29).

𝑀 (𝑥 ) =

𝑤𝑏𝑥
𝑏
(𝑐 + )
𝐿
2

(4.29)

In the a ≤ x ≤ (a+b) region the bending moment is shown in Equation (4.30).

𝑀 (𝑥 ) = −

𝑤 2
𝑤𝑏
𝑏
𝑤𝑎2
(𝑐 + )) 𝑥 −
𝑥 + (𝑤𝑎 +
2
𝐿
2
2

(4.30)

In the (a+b) ≤ x ≤ L region the bending moment is shown in Equation (4.31).

𝑀 (𝑥 ) = −

𝑤𝑏
𝑏
𝑏
(𝑎 + ) 𝑥 + 𝑤𝑏 (𝑎 + )
𝐿
2
2

(4.31)
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The maximum bending moment, Mmax is located at the point calculated in Equation (4.32). with
the magnitude calculated in Equation (4.33).

𝑥=𝑎+

𝑏
10.625 𝑖𝑛
(2𝑐 + 𝑏) = 12.6875 𝑖𝑛 +
(2(12.6875 𝑖𝑛) + 10.625𝑖𝑛) = 18 𝑖𝑛
2𝐿
2(36 𝑖𝑛)

𝑀𝑚𝑎𝑥 =

(4.32)

𝑤𝑏
(2𝑐 + 𝑏)[4𝑎𝐿 + 𝑏(2𝑐 + 𝑏)]
8𝐿2

=

𝑙𝑏
412.52 𝑖𝑛 (10.625 𝑖𝑛)
8(36 𝑖𝑛)2

(2(12.6875 𝑖𝑛)

+ 10.625 𝑖𝑛)[4(12.6875 𝑖𝑛)(36 𝑖𝑛)
+ 10.625 𝑖𝑛(2(12.6875 𝑖𝑛) + 10.625 𝑖𝑛)] = 33626 𝑙𝑏 𝑖𝑛

The resulting bending moment diagram is provided in Figure 4.24.

Figure 4.24: Bending moment as a function of longitudinal position.

(4.33)
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Section F.2 of the Aluminum design manual lists the nominal flexure strength, Mn, as the
lesser of the conditions listed in Equation (4.34), where Z is the plastic modulus, St is the section
modulus of the tension side and Sc is the section modulus of the compression side.
𝑀𝑛 = 𝑍𝐹𝑐𝑦 ≤ 1.5𝑆𝑡 𝐹𝑡𝑦 𝑎𝑛𝑑 1.5𝑆𝑐 𝐹𝑐𝑦

(4.34)

The plastic modulus, Z, for the standard grating is calculated in Equation (4.35), where At and Ac
are the areas in tension and compression respectively and the corresponding y is the distance from
the neutral bending axis to the area centroid.
𝑍 = 𝑦𝑡 𝐴𝑡 + 𝑦𝑐 𝐴𝑐 = 0.875 𝑖𝑛(2 ∗ 3.75𝑖𝑛2 ) + 0.875 𝑖𝑛(2 ∗ 3.75 𝑖𝑛2 )

(4.35)

= 13.125 𝑖𝑛3
The section moduli are calculated in Equation (4.36), where c is the outermost distance from the
neutral axis.

𝑆𝑡 =

𝐼
2 ∗ 6.41 𝑖𝑛4
𝐼
2 ∗ 6.41 𝑖𝑛4
=
= 10.256 𝑖𝑛3 , 𝑆𝑐 = =
= 10.256 𝑖𝑛3
𝑐𝑡
1.25 𝑖𝑛
𝑐𝑐
1.25 𝑖𝑛

(4.36)

The following are the conditions listed in Equation (4.34).
𝑍𝐹𝑐𝑦 = 13.125 𝑖𝑛3 (35 𝑘𝑠𝑖 ) = 459,375 𝑙𝑏 𝑖𝑛
1.5𝑆𝑡 𝐹𝑡𝑦 = 1.5(10.256 𝑖𝑛3 )(35 𝑘𝑠𝑖 ) = 538,440 𝑙𝑏 𝑖𝑛

(4.37)

1.5𝑆𝑐 𝐹𝑐𝑦 = 1.5(10.256 𝑖𝑛3 )(35 𝑘𝑠𝑖 ) = 538,440 𝑙𝑏 𝑖𝑛
For the limit state of yielding, Equation (4.37) shows that ZFcy is the nominal flexural strength Mn.
The Allowable Strength Design (ASD) method specifies the safety factor, Ω, as 1.65 for buildingtype structures. The allowable yield moment is shown in Equation (4.38).
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𝑀𝑚𝑎𝑥 =

𝑀𝑛 459,375 𝑙𝑏 𝑖𝑛
=
= 278,409 𝑙𝑏 𝑖𝑛
Ω
1.65

(4.38)

The maximum allowable distributed load, wmax, for the Hillman roller is shown in Equation (4.39).

𝑤𝑚𝑎𝑥 = 𝑀𝑚𝑎𝑥 [

𝑏
(2𝑐 + 𝑏)[4𝑎𝐿 + 𝑏(2𝑐 + 𝑏)]]
8𝐿2

= 278,409 𝑙𝑏 𝑖𝑛 [

−1

10.625 𝑖𝑛
(2(12.6875 𝑖𝑛)
8(36 𝑖𝑛)2

(4.39)

+ 10.625 𝑖𝑛)[4(12.6875 𝑖𝑛)(36 𝑖𝑛)
−1

+ 10.625 𝑖𝑛(2(12.6875 𝑖𝑛) + 10.625 𝑖𝑛)]]

= 3415

𝑙𝑏
𝑙𝑏
≫ 412.52
𝑖𝑛
𝑖𝑛

The maximum allowable distributed load from the Hillman roller is considerably larger than the
estimated resting load. There are a few reasons why the design appears to be oversized. First is
to allow for changes in the IFB loading without requiring another design iteration of the specialized
plank. Second, the analysis did not incorporate vibration. There is a significant margin for
unexpected vibrations with the current IFB stand design. Finally, the design provides considerably
less deflection with increased strength as seen in the following section. This is important since the
rollers rest in the installation position of the DS train.
Finally, deflection analysis was performed to determine how much the roller will be
displaced when aligning the IFB flange to the DS bore flange. Deflection in the 0 ≤ x ≤ a region
is shown in Equation (4.40).

𝑑𝑒𝑓 =

−𝑤 𝑏(𝑏 + 2𝑐 )𝑥
[
] [−2𝑥 2 + 2𝑎(2𝐿 − 𝑎) + 𝑏(𝑏 + 2𝑐)]
24𝐸𝐼
𝐿

Deflection in the a ≤ x ≤ (a+b) region is shown in Equation (4.41).

(4.40)
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𝑑𝑒𝑓 =

−𝑤
𝑏(𝑏 + 2𝑐 )𝑥
[(𝑥 − 𝑎)4 + [
] [−2𝑥 2 + 2𝑎 (2𝐿 − 𝑎) + 𝑏(𝑏 + 2𝑐)]]
24𝐸𝐼
𝐿

(4.41)

Deflection in the (a+b) ≤ x ≤ L region is shown in Equation (4.42).

𝑑𝑒𝑓 =

−𝑤 𝑏(𝐿 − 𝑥)
(
) [4𝑎(2𝐿2 𝑥 − 𝐿𝑥 2 + 𝑎2 (−3𝐿 + 2𝑎 + 2𝑐 ))
24𝐸𝐼
𝐿2
+ 𝑏(4𝐿2 𝑥 − 2𝐿𝑥 2 + 𝑏2 (−9𝐿 + 8𝑏 + 8𝑐 )) + 2𝑎𝑏(24𝑎𝑏

(4.42)

+ 𝑎(−15𝐿 + 12𝑐 + 16𝑎) + 𝑏(−14𝐿 + 12𝑐 + 16𝑏))]
The resulting deflection from the load is shown in Figure 4.25.

Figure 4.25: Deflection as a function of longitudinal position.

The maximum deflection is estimated to be 0.063” (1.604 mm) into the trench. This should be
considered when determining the shim thickness of the roller when aligning the IFB onto the DS.
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4.5

Summary

In summary, the installed trench grating was found to be satisfactory for the proposed external
stand installation process but not suitable for the IFB stand. The minimum safety factor for the
standard trench grating planks was found to be 1.98 by utilizing the Aluminum Design Manual as
a guideline. It should be noted that the maximum foreseeable load from the pallet lifter, 4193 N
found in Table 4.3, was found using conservative assumptions such as the additional 10% loading
incorporated into the analysis in consideration of vibration. This safety factor is adequate for this
component since the trench is to experience infrequent loading cycles which eliminates the need
for fatigue analysis. Furthermore, the high capacity trench planks were designed to replace the
standard grating and fit the same volume of 2-1/2” x 6” x 3’. Using the Aluminum Design Manual
as a guideline, the planks have an allowable distributed load from the IFB stand Hillman roller of
3415 lb/in, well above the estimated 412.52 lb/in loading. This large margin allows for additional
loads on the IFB stand that were not considered as well as a low deflection of 1.604 mm. The
deflection of the plank should be considered to determine a shim thickness for the Hillman rollers
during the alignment of the IFB flange onto the DS bore. Ultimately, the experiment hall trench
grating as specified is satisfactory for the expected loading conditions.
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CHAPTER 5 AXIAL COUPLER

5.1

Overview

The axial couplers serve to connect the bearing blocks that the major components of the DS
train rest on. Each coupler must be able to withstand the maximum compressive and tensile load
of 8900 N with a minimum safety factor of 2. While it was shown in Figure 2.2, the axial reaction
forces between the each of the major DS train components decrease below the maximum force in
the upstream direction, the couplers still must meet this standard set for all DS train components.
The axial couplers are installed on the master rail of the system, thus fixing the relative axial
positions of one set of bearing blocks. The slave rail will not feature couplers to allow transverse
movement and prevent the train from locking on the railway as well as allow adjustment of axial
positions prior to installation into the DS bore.
The previous design iteration in Figure 5.1, consisted of two end plates that were bolted into
the bearing blocks with three M10 bolts, and a 2” x 0.5” cross-section plate that was linked together
with the end plates. Due to the small upper loading area of the bearing blocks, the end plate
connection is limited to three bolts towards the outer most edges of the plates and blocks.
Furthermore, the connecting plate is connected to the end plates with a single shoulder bolt on
each end. This allows for the transverse movement and axial adjustment as mentioned.
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Master Rail
End Plate

Shoulder Bolt
with a Bearing

Connecting Plate

Bearing Block

Figure 5.1: Previous axial coupler design iteration with unspecified length circa 2015 [6].

To conform to the magnetic specifications of the Mu2e project, the structural components
within the DS bore consist of materials with low magnetic permeability. Commonly used materials
include aluminum, stainless steel, bronze, and G10 to not compromise the magnetic environment.
The connecting plate, shoulder bolts, and the end plate bolts were composed of stainless steel and
the sleeve bearings were bronze. The bearings were present to prevent galling between two
stainless steel surfaces. Furthermore, the end plates are made of G10 (also known as FR-4) which
is a layered glass fiber epoxy sheet. G10 was integrated into the design as an electrical insulator
to protect the DS train from stray currents.
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An axial coupler prototype based on the design shown in Figure 5.1, was tested in an
informal lab test. The 1.4 m long coupler appeared to be deflect downwards under a 3115 N
compressive load, 35% of the maximum expected load. This behavior was an indicator that the
coupler was beginning to buckle and would require a new design iteration. The source of the
deflection was theorized to be caused by the eccentric loading from during the experiment along
with the dissatisfactory 0.5” thickness. The applied load was on the bearing block which generates
a moment arm relative to the connecting plate which rests on top both the block and the end plates.
The focus of the next design iteration was to follow the same material specifications and the
same function as the previous iteration with the intention of preventing the buckling failure mode
the prototype succumbed to during experimentation. There are several couplers needed with
varying lengths for the DS train as listed in Table 5.1. The following design analysis is focused on
the coupler that connects the downstream outer proton absorber to the tracker because it is the
longest and most at risk for buckling when under compressive loads.
Table 5.1: List of axial couplers.

Connecting Components

Separation
Length (mm)

Upstream Outer
Proton Absorber

Stopping Target

234

Stopping Target

Downstream Outer
Proton Absorber

760

Tracker

1254

Calorimeter
Muon Beam Stop

937
495

Downstream Outer
Proton Absorber
Tracker
Calorimeter

The design iteration is presented in Figure 5.2 and Figure 5.3. Similar to the previous
iteration, design consists of a stainless steel connecting bar and bolts, bronze bearings, and G10
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end plates. Additionally, the end plates a connected to the bearing blocks by three shoulder bolts
in similar fashion to the previous iteration. Furthermore, the bar is connected to the end plates by
a single shoulder bolt on each end allowing it to pivot about the ends. The bronze bearings are
also featured in the design to prevent stainless steel galling in the connection ends. The new design
contains a 38.1 mm x 34 mm bar with a slot cutout to lower the bar centroid in line with the end
plate and reduce loading eccentricity as shown in Figure 5.3. Another addition from the previous
design are stainless steel Belleville lock washers to sustain bolt pretension from unforeseen
vibration from DS train component operation. A pin was added to the main shoulder bolt to
prevent the nut from falling off from vibration. Note that there is 2.5 mm of clearance from the
end of the main bolt to the rail.

Main Shoulder Bolt

Bearing Block

Secondary Shoulder Bolts
Connecting Bar

End Plate

Figure 5.2: The 1254 mm long axial coupler overview with labeled connecting components.
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Secondary
Shoulder Bolts

Belleville
Washers

Main Shoulder
Bolt

Sleeve Bearings
Pin

Figure 5.3: Side view showing the bar wrapping around the end plate.

5.2

AISC Analysis

To meet a reputable specification, the American Institute of Steel Construction (AISC) Steel
Construction Manual was utilized for the following analysis [11]. Calculations are provided for
failure modes of the connecting bar, the shoulder bolts, and end plate to confirm the minimum
allowable load of the design is greater than the maximum foreseeable load. While the AISC
manual is applicable to the stainless steel components, it was also used for the G10 end plates and
a guideline. The allowable loads for the plates are an estimate since the manual is specific towards
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steel. Section E3 was referenced for the buckling analysis of the connecting bar. Sections J3.10
and J4.2 were referenced for the bearing strength and shear tear-out analysis respectively for all
the holes in the bar and the end plates during tensile and compressive loading conditions. Section
J4.1 was referenced for tensile analysis of the bar and the plates. Finally, Section J3.6 was refenced
for shear analysis of all the bolts.

5.2.1

Material Properties

The axial coupler components consist of stainless steel, bronze, and G10. The focus of this
analysis is specifically on the shoulder bolts, the end plates, and the connecting bar. Table 5.2 lists
the material properties used in all calculations.
Table 5.2: Material Properties [11, 28-31].

Component

Material

Bar
Bolts
End Plate

316 SS
316 SS
G10

Yield
Strength
(MPa)
172
-

Ultimate Tensile
Strength (MPa)
515
482
262

Compressive
Yield Strength
(MPa)
172
455

Shear Yield
Strength (MPa)
103.2
289.2
148

Elastic
Modulus
(GPa)
193
-

The 316 stainless steel bar properties were referenced from McMaster-Carr stock which meets
ASTM A276 standards [28]. Similarly, the 316 SS bolts properties were referenced from
McMaster-Carr [29]. The shear yield strength for the stainless steel components are 60% of either
the yield strength or the ultimate tensile strength as specified by the AISC Steel Construction
Manual for various sections [11]. The elastic modulus of stainless steel is 193 GPa as listed by
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the ASM International handbook [30]. Additionally, the G10 properties were referenced from
Atlas Fibre Company, a supplier used by Fermilab which meets Mil‐I‐24768/27 Type GEE‐F
specifications [31].

5.2.2

Connecting Bar

Figure 5.4 contains a close-up view of section that connects the bar to the end plate with
the main shoulder bolt. The axial length between the centers of the two main shoulder bolts is
1243 mm.

Figure 5.4: Overview of the connection point of the bar.
Table 5.3 lists the relevant dimensions in reference to Figure 5.4.
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Table 5.3: List of labeled dimensions for the bar.
Length L

1243 mm

Height h

34 mm

Width w

38.1 mm

Diameter d

15 mm

Thickness t

9.5 mm

Clear Length lc

15 mm

5.2.2.1 Buckling Analysis (Section E3)

The gross cross-sectional area, Ag, the area moment of inertia, I, and the radius of gyration,
r, are found in Equations (5.1), (5.2), and (5.3) respectively.
𝐴𝑔 = 𝑤ℎ = 38.1 𝑚𝑚(34 𝑚𝑚) = 1295.4 𝑚𝑚2

(5.1)

𝑤ℎ3 (38.1 𝑚𝑚)(34 𝑚𝑚)3
𝐼=
=
= 124790.2 𝑚𝑚4
12
12

(5.2)

𝑟=√

𝐼
124790.2 𝑚𝑚4
=√
= 9.815 𝑚𝑚
𝐴𝑔
1,295.4 𝑚𝑚2

(5.3)

The critical stress, Fcr, is determined on the condition listed Equations (5.4) and (5.5), where K is
the effective length factor, E is the elastic modulus, Fy is the yield strength, and Fe is the elastic
buckling stress.
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When

𝐾𝐿
𝑟

When

𝐹𝑦

𝐸

≤ 4.71√𝐹

𝑦

𝐾𝐿
𝑟

𝐸

> 4.71√𝐹

𝑦

𝐹𝑐𝑟 = [0.658 𝐹𝑒 ] 𝐹𝑦

(5.4)

𝐹𝑐𝑟 = 0.877𝐹𝑒

(5.5)

The condition parameters are calculated in Equations (5.6) and (5.7). K is set to 1 because both
ends are capable of rotating about the two main shoulder bolts. Fe is found in Equation (5.8) and
Fcr, is found in Equation (5.9).
𝐾𝐿 1(1243 𝑚𝑚)
=
= 126.64
𝑟
9.815 𝑚𝑚

4.71√

𝐹𝑒 =

𝐹𝑐𝑟 =

𝐸
193 𝐺𝑃𝑎
= 4.71√
= 157.77
𝐹𝑦
172 𝑀𝑃𝑎

𝜋 2𝐸
𝐾𝐿 2
(𝑟 )

𝐹𝑦
[0.658 𝐹𝑒 ] 𝐹𝑦

=

𝜋 2 (193 𝐺𝑃𝑎)
= 118.77 𝑀𝑃𝑎
126.642
172 𝑀𝑃𝑎

= 𝐹𝑐𝑟 = [0.658118.77 𝑀𝑃𝑎 ] 172 𝑀𝑃𝑎 = 93.82 𝑀𝑃𝑎

(5.6)

(5.7)

(5.8)

(5.9)

The nominal compressive strength, Pn, is found in Equation (5.10).
𝑃𝑛 = 𝐹𝑐𝑟 𝐴𝑔 = 93.82 𝑀𝑃𝑎(1295.4 𝑚𝑚2 ) = 121.53 𝑘𝑁 ≫ 8.9 𝑘𝑁

(5.10)

Based on the AISC guidelines, the bar is capable of larger compressive loads beyond the
installation axial force.
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5.2.2.2 Bearing Strength (Section J3.10)

The bearing strength, Rn, is found in Equation (5.11), where lc is the clear distance, t is the
thickness, d is the hole diameter, and Fu is the ultimate tensile strength.
𝑅𝑛 = 1.2𝑙𝑐 𝑡𝐹𝑢 = 1.2(15 𝑚𝑚)(9.5 𝑚𝑚)(515 𝑀𝑃𝑎) = 88.07 𝑘𝑁 ≤ 2.4𝑑𝑡𝐹𝑢

(5.11)

= 2.4(15 𝑚𝑚)(9.5 𝑚𝑚)(515 𝑀𝑃𝑎) = 176.13 𝑘𝑁
The Allowable Strength Design (ASD) method specifies the safety factor, Ω, as 2.00. The
allowable force is calculated in Equation (5.12).
𝑅𝑛 88.07 𝑘𝑁
8.9
=
= 44.03 𝑘𝑁 ≫
𝑘𝑁
Ω
2.00
2

(5.12)

Based on the AISC guidelines, the bar connection is capable of bearing loads larger than expected.

5.2.2.3 Tension Analysis (Section J4.1)

When the DS train is extracted from the DS bore, the axial coupler is in tension. The
allowable force in tension is determined for the walls surrounding the main bolt hole using the
tensile yielding of connecting elements method. The gross area, Ag, is shown in Equation (5.13).
The gross area considers both the top and bottom of the connecting region shown in Figure 5.4.
𝐴𝑔 = 2𝑡𝑤 = 2(9.5 𝑚𝑚)(38.1 𝑚𝑚) = 723.9 𝑚𝑚2
The nominal force, Rn, is shown in Equation (5.14) where Fy is the yield strength.

(5.13)
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𝑅𝑛 = 𝐹𝑦 𝐴𝑔 = 172 𝑀𝑃𝑎(723.9 𝑚𝑚2 ) = 124.51 𝑘𝑁

(5.14)

The safety factor, Ω, is defined as 1.67 and the allowable force is found in Equation (5.15).
𝑅𝑛 124.51 𝑘𝑁
=
= 74.56 𝑘𝑁 ≫ 8.9 𝑘𝑁
Ω
1.67

(5.15)

Additionally, the tensile rupture of connecting elements method is shown. Ae, the effective net
area is shown in Equation (5.16).
𝐴𝑒 = 2𝑡(𝑤 − 𝑑 ) = 2(9.5 𝑚𝑚)(38.1 𝑚𝑚 − 15 𝑚𝑚) = 438.9 𝑚𝑚2

(5.16)

The nominal force, Rn, is shown in Equation (5.17), where Fu is the ultimate tensile strength.
𝑅𝑛 = 𝐹𝑢 𝐴𝑒 = 515 𝑀𝑃𝑎(438.9 𝑚𝑚2 ) = 226.03 𝑘𝑁

(5.17)

The safety factor, Ω, is defined as 2.00 and the allowable force is shown in Equation (5.18).
𝑅𝑛 226.03 𝑘𝑁
=
= 113.02 𝑘𝑁 ≫ 8.9 𝑘𝑁
Ω
2.00

(5.18)

Based on the AISC manual, the bar cross-section is capable of tensile loads larger than the
extraction force.

5.2.2.4 Tear-out Shear Analysis (Section J4.2)

The allowable force in tension is determined for tear-out caused by the main bolt. The
AISC manual considers both the clear length and the hole diameter for tear-out for the shear
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yielding of the connecting element method. Agv is the gross area subjected to shear in Equation
(5.19).
𝐴𝑔𝑣 = 4𝑡(𝑙𝑐 + 𝑑 ) = 4(9.5 𝑚𝑚)(15 𝑚𝑚 + 15 𝑚𝑚) = 1,140 𝑚𝑚2

(5.19)

The nominal force, Rn, is shown in Equation (5.20), where Fy is the yield strength.
𝑅𝑛 = 0.60𝐹𝑦 𝐴𝑔𝑣 = 0.60(172 𝑀𝑃𝑎)(1,140 𝑚𝑚2 ) = 117.65 𝑘𝑁

(5.20)

The safety factor, Ω, is defined as 1.5 and the allowable force is shown in Equation (5.21).
𝑅𝑛 117.65 𝑘𝑁
=
= 78.43 𝑘𝑁 ≫ 8.9 𝑘𝑁
Ω
1.5

(5.21)

Additionally, the shear rupture of connecting elements method is shown. Anv, the effective net
area subjected to shear is shown in Equation (5.22).
𝐴𝑛𝑣 = 4𝑡𝑙𝑐 = 4(9.5 𝑚𝑚)(15 𝑚𝑚) = 570 𝑚𝑚2

(5.22)

The nominal force, Rn, is shown in Equation (5.23), where Fu is the ultimate tensile strength.
𝑅𝑛 = 0.60𝐹𝑢 𝐴𝑛𝑣 = 0.60(515 𝑀𝑃𝑎)(570 𝑚𝑚2 ) = 176.13 𝑘𝑁

(5.23)

The safety factor, Ω, is defined as 2.00 and the allowable force is shown in Equation (5.24).
𝑅𝑛 176.13 𝑘𝑁
=
= 88.07 𝑘𝑁 ≫ 8.9 𝑘𝑁
Ω
2.00

(5.24)

Both the shear yielding and the shear rupture method for connecting elements show that the bar is
capable of larger tensile loads than the extraction force without the risk of shear tear-out.
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5.2.3

Main Shoulder Bolt

5.2.3.1 Double Shear (Section J3.6)

The main shoulder bolt experiences double shear from the end plate and bar as shown in Figure
5.5.

P/2
P

P/2

Figure 5.5: Double shear model of the main shoulder bolt with the end plate hidden for clarity.

The nominal body area, Ab, is twice the cross-sectional area of the shoulder of the main bolt
because of the double shear model as calculated in Equation (5.25).
𝜋
𝜋
𝐴𝑏 = 2 ( ) 𝐷 2 = 2 ( ) (12 𝑚𝑚)2 = 226.19 𝑚𝑚2
4
4

(5.25)
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The nominal force, Rn, is shown in Equation (5.26), where Fnv is the nominal shear stress and Fnt
is the nominal shear stress.
𝑅𝑛 = 𝐹𝑛𝑣 𝐴𝑏 = 0.60𝐹𝑛𝑡 𝐴𝑏 = 0.60(482 𝑀𝑃𝑎)(226.19 𝑚𝑚2 ) = 65.41 𝑘𝑁

(5.26)

The safety factor, Ω, is defined as 2.00 and the allowable force is shown in Equation (5.27).
𝑅𝑛 65.41 𝑘𝑁
=
= 32.71 𝑘𝑁 ≫ 8.9 𝑘𝑁
Ω
2.00

(5.27)

Based on the AISC shear guidelines, the allowable load for the main bolt is above the maximum
expected load.

5.2.4

End Plate

The end plate is made of a G10 glass epoxy sheet, making the AISC steel construction
manual not applicable. As a substitution, a similar analysis based on the AISC manual is shown
to calculate the allowable forces. Figure 5.6 shows an overview of the end plate. Table 5.4 lists
the labeled dimensions for the analysis.
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Figure 5.6: Overview of the end plate with a thickness of 15 mm.

Table 5.4: List of labeled dimensions for the end plate.
Length l

84 mm

Width w

140 mm

Thickness t

15 mm

Main Bolt Diameter d1

12 mm

Main Bolt Clear Length lc1

12.5 mm

Secondary Bolt Diameters d2

12 mm

Secondary Bolt Clear Length lc2

3.5 mm

5.2.4.1 Tear-out Shear Analysis of the Main Bolt Hole (Section J4.2)

The allowable force in tension is determined for tear-out caused by the main bolt. The net
area subjected to shear, Anv, is shown in Equation (5.28).
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𝐴𝑛𝑣 = 2𝑡𝑙𝑐1 = 2(15 𝑚𝑚)(12.5 𝑚𝑚) = 375 𝑚𝑚2

(5.28)

The nominal force, Rn, is shown in Equation (5.29), where Fnv is the nominal shear strength.
𝑅𝑛 = 𝐹𝑛𝑣 𝐴𝑛𝑣 = 148 𝑀𝑃𝑎(375 𝑚𝑚2 ) = 55.5 𝑘𝑁

(5.29)

If the safety factor, Ω, is defined as 2.00 and the allowable force is shown in Equation (5.30).
𝑅𝑛 55.5 𝑘𝑁
=
= 27.75 𝑘𝑁 ≫ 8.9 𝑘𝑁
Ω
2.00

(5.30)

Using Section J4.2 of the AISC manual, the estimated allowable load is larger than the expected
loading on the axial coupler.

5.2.4.2 Bearing Strength of the Main Bolt Hole (Section J3.10)

A similar approach from Section J3.10 was performed to determine the capacity of the
bearing strength. The bearing strength, Rn, is found in Equation (5.31), where lc is the clear
distance, t is the thickness, d is the hole diameter, and Fu is the ultimate tensile strength.
𝑅𝑛 = 1.2𝑙𝑐1 𝑡𝐹𝑢 = 1.2(12.5 𝑚𝑚)(15 𝑚𝑚)(262 𝑀𝑃𝑎) = 58.95 𝑘𝑁 ≤ 2.4𝑑1 𝑡𝐹𝑢

(5.31)

= 2.4(12 𝑚𝑚)(15 𝑚𝑚)(262 𝑀𝑃𝑎) = 113.18 𝑘𝑁
If the safety factor, Ω, is defined as 2.00 and the allowable force is shown in Equation (5.32).
𝑅𝑛 58.95 𝑘𝑁
=
= 29.48 𝑘𝑁 ≫ 8.9 𝑘𝑁
Ω
2.00

(5.32)

This estimate shows that the bearing strength for the main bolt is larger than the expected loading.
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5.2.4.3 Tear-out Shear Analysis of the Secondary Bolt Holes (Section J4.2)

The allowable force in tension is determined for tear-out caused by the secondary bolts.
The net area subjected to shear, Anv, is shown in Equation (5.33).
𝐴𝑛𝑣 = 2𝑡𝑙𝑐2 = 2(15 𝑚𝑚)(3.5 𝑚𝑚) = 105 𝑚𝑚2

(5.33)

The nominal force, Rn, is shown in Equation (5.34), where Fnv is the nominal shear strength.
𝑅𝑛 = 𝐹𝑛𝑣 𝐴𝑛𝑣 = 148 𝑀𝑃𝑎(105 𝑚𝑚2 ) = 15.54 𝑘𝑁

(5.34)

If the safety factor, Ω, is defined as 2.00 and the allowable force is shown in Equation (5.35).
𝑅𝑛 15.54 𝑘𝑁
8.9
=
= 7.77 𝑘𝑁 >
𝑘𝑁
Ω
2.00
3

(5.35)

Using Section J4.2 of the AISC manual, the estimated allowable load is larger than the expected
loading on the axial coupler.

5.2.4.4 Bearing Strength of the Secondary Bolt Holes (Section J3.10)

A similar approach from Section J3.10 was performed to determine the capacity of the
bearing strength. The bearing strength, Rn, is found in Equation (5.36), where lc is the clear
distance, t is the thickness, d is the hole diameter, and Fu is the ultimate tensile strength.
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𝑅𝑛 = 1.2𝑙𝑐2 𝑡𝐹𝑢 = 1.2(3.5𝑚𝑚)(15 𝑚𝑚)(262 𝑀𝑃𝑎) = 16.51 𝑘𝑁 ≤ 2.4𝑑2 𝑡𝐹𝑢

(5.36)

= 2.4(12 𝑚𝑚)(15 𝑚𝑚)(262 𝑀𝑃𝑎) = 113.18 𝑘𝑁
If the safety factor, Ω, is defined as 2.00 and the allowable force is shown in Equation (5.37).
𝑅𝑛 16.51 𝑘𝑁
8.9
=
= 8.26 𝑘𝑁 >
𝑘𝑁
Ω
2.00
3

(5.37)

The estimate shows that the bearing strength is capable of loads larger than the expected load.

5.2.4.5 Tension Analysis (Section J4.1)

The minimum effective net cross-sectional area, Ae, is found in Equation (5.38).
𝐴𝑒 = 𝑡(𝑤 − 3𝑑2 ) = 15 𝑚𝑚(140 𝑚𝑚 − 3(12 𝑚𝑚)) = 1,560 𝑚𝑚2

(5.38)

The nominal force, Rn, is shown in Equation (5.39), where Fu is the ultimate tensile strength.
𝑅𝑛 = 𝐹𝑢 𝐴𝑒 = 262 𝑀𝑃𝑎(1,560 𝑚𝑚2 ) = 408.72 𝑘𝑁

(5.39)

If the safety factor, Ω, is defined as 2.00 and the allowable force is shown in Equation (5.42).
𝑅𝑛 408.72 𝑘𝑁
=
= 204.36 𝑘𝑁 ≫ 8.9 𝑘𝑁
Ω
2.00
Using Section J4.1, the estimated allowable load is larger than the expected load.

(5.40)
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5.2.5

Secondary Shoulder Bolts

5.2.5.1 Direct Shear (Section J3.6)

When the axial coupler is loaded, the secondary shoulder bolts experience direct shear from the
end plates as shown in Figure 5.7.

P/3

Figure 5.7: Direct shear model of a single secondary shoulder bolt.

The nominal body area, Ab, is the minor diameter area for a M10 thread. The nominal force, Rn, is
shown in Equation (5.41), where Fnv is the nominal shear stress and Fnt is the nominal shear stress.
𝑅𝑛 = 𝐹𝑛𝑣 𝐴𝑏 = 0.60𝐹𝑛𝑡 𝐴𝑏 = 0.60(482 𝑀𝑃𝑎)(52.3 𝑚𝑚2 ) = 15.13 𝑘𝑁

(5.41)

The safety factor, Ω, is defined as 2.00 and the allowable force is shown in Equation (5.42).
𝑅𝑛 15.13 𝑘𝑁
8.9
=
= 7.57 𝑘𝑁 ≫
𝑘𝑁
Ω
2.00
3

(5.42)
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Using the AISC manual, each secondary bolt is capable of withstanding larger loads than the
expected load.

5.2.6

Summary

By utilizing the AISC steel construction manual, allowable loads for each failure mode of
the connecting bar, the shoulder bolts, and the end plates were found and summarized in Table 5.5.
Table 5.5: List of allowable loads by component based on the AISC Steel Construction Manual.
Component

Connecting Bar

Main Shoulder Bolt

Failure Mode

Allowable Load

Buckling (Section E3)

121.53 kN

Main Bolt Hole

44.03 kN per hole

Bearing Strength (Section J3.10)

(88.06 kN total)

Tensile Strength (Section J4.1)

113.03 kN

Shear Tear-out (Section J4.2)

78.43 kN

Shear (Section J3.6)

32.71 kN

Main Bolt Hole
Shear Tear-out (Section J4.2)
Main Bolt Hole
Bearing Strength (Section J3.10)
End Plate

Secondary Shoulder Bolt

27.75 kN

29.48 kN

Secondary Bolt Hole

7.77 kN per hole

Shear Tear-out (Section J4.2)

(23.31 kN total)

Secondary Bolt Hole

8.26 kN per hole

Bearing Strength (Section J3.10)

(24.78 kN)

Tensile Strength (Section J4.1)

204.36 kN

Shear (Section J3.6)

7.57 kN per bolt
(22.71 kN total)
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The analysis shows that the designed axial coupler has a maximum allowable load of
approximately 22.71 kN, well above the maximum load of 8.9 kN. It is important to note that each
allowable load already considers a safety factor based on the guidelines set by each section. The
analysis also shows that the weakest components are the secondary shoulder bolts and the holes
for those bolts in the end plate. The secondary shoulder bolts have a M10 size thread which is the
largest thread possible for the bearing blocks, shown in Figure 5.8.

Figure 5.8: Bearing block overview.

Additionally, the six outermost holes of the bearing blocks are reserved for the axial coupler
connections. The remaining six are reserved for the DS train component connection. The design
limits the number of bolts used to connect the coupler and the available clear length for the end
plates. A recommendation for future iterations of the axial coupler design is to allow for larger
clear length and thread size.
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5.3

Finite Element Analysis

To verify that the assembly is not at risk of failure, the model was imported into ANSYS
Workbench. The scope of the FEA included two case studies. The first case study involved
applying the maximum foreseeable compressive load of 8900 N on the longest coupler assembly.
The second case involved applying the maximum foreseeable tensile load of 8900 N. The FEA
results are used to determine if the coupler shows any indications of buckling, determine if
significant deformation will compromise the ±2 mm tolerance, and show that the G10 plate with
the short clear length will be satisfactory.

5.3.1

Model and Contacts

The axial coupler model was decreased in geometric complexity and imported into ANSYS
Workbench. The purpose of the simplification was to reduce the total run time and allow for a
fine mesh. Complex parts such as the Belleville washers and the pins were removed since their
addition would complicate the analysis. Additionally, the size of the bearing blocks was reduced
to half the original size. Lastly, the entire model was cut in half and symmetry was applied to
reduce the total number of elements. Symmetry can be applied for both cases since all applied
loading is symmetric. The results are shown in Figure 5.9.
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Figure 5.9: Simplified assembly for FEA.

Further complexity was removed from the individual components including all the curved
surfaces of the bearing blocks as well as the socket head and threads on the bolts and nuts. The
threaded regions are smooth cylindrical areas set to the minor diameter. For this model, all threads
are M10 so the diameter is 8.16 mm. The shoulder diameters were left unchanged. Figure 5.10
contains a side view of the model with more detail.

Figure 5.10: Side view of the simplified assembly for the FEA.
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All the regions in which a threaded connection exists were set to a bonded contact in
workbench for simplicity. All remaining contacts were set to frictional with coefficients of friction
listed in Table 5.6.
Table 5.6: List of friction coefficients used in the FEA model [32].
Contacting Materials

Friction Coefficient

Stainless Steel

Bronze

0.43

Stainless Steel

G10

0.1

Bronze

G10

0.1

Titanium

G10

0.1

The friction coefficients listed are estimates for each of the contacting materials. The stainless
steel-to-bronze coefficient was chosen from a range of 0.35 – 0.51 for dry steel-to-brass contacts
[32]. This estimate is not highly critical to the performance of the coupler since the bolt and nut
were considered to be bonded which holds the assembly together. Additionally, the metal-to-G10
coefficients were conservatively estimated low for steel-to-plastic contacts since it is not readily
known. While the friction between these components are in the same direction of the applied
tension and compression force, this is also not considered highly critical. One of the intentions of
the analysis was to determine how much the coupler was to deform in the axial direction, based on
the strengths of the components rather than friction.
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5.3.2

Material Properties

The FEA model consisted of parts made of four materials. The bolts, nuts, and the bar are
stainless steel. The end plates are G10 and the bearing blocks are titanium. The Workbench
material library properties for stainless steel and titanium were applied to the model [18]. The
properties for the bronze bearings were inputted into Workbench [33]. Table 5.7 lists the metallic
material properties used.
Table 5.7: Metallic material properties used in the FEA [18, 33].
Stainless Steel

Titanium Alloy

Bronze

Density (kg/m )

7750

4620

7890

Young’s Modulus (GPa)

193

96

117

Poisson’s Ratio

0.31

0.36

0.34

Bulk Modulus (GPa)

169.3

114.3

121.9

Shear Modulus (GPa)

73.7

35.3

43.7

Tensile Yield Strength (MPa)

207

930

240

Compressive Yield Strength (MPa)

207

930

240

Tensile Ultimate Strength (MPa)

586

1070

540

3

An alternative name for G10 is FR-4 (fiber resin). The properties for FR4 are provided in
the Workbench material library and listed in Table 5.8 [18]. The default list the length-wise (LW)
or warp yarn direction as x and the cross-wise (CW) or fill yarn direction as y. Based on the
coordinate system established in Figure 5.9, the default directions are accurate to the model.
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Table 5.8: FR-4 material properties used for the G10 end plate [18].
Density (kg/m3)

1840

Young’s Modulus X-Direction (GPa)

20.4

Young’s Modulus Y-Direction (GPa)

18.4

Young’s Modulus Z-Direction (GPa)

15

Poisson’s Ratio XY

0.11

Poisson’s Ratio YZ

0.09

Poisson’s Ratio XZ

0.14

Shear Modulus XY (GPa)

9200

Shear Modulus YZ (GPa)

8400

Shear Modulus XZ (GPa)

6600

5.3.3

Mesh

Each component consisted of a hex dominant mesh. Hexahedra elements are more efficient
at achieving convergence among the different element types offer in ANSYS Workbench [19].
Convergence studies for each group of components can be found in Appendix F and G. The most
refined mesh is shown in Figure 5.11.

Figure 5.11: Most refined mesh used in the FEA.
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The fasteners and bearings mesh was refined to a 0.4 mm element size. The bearing
surfaces in which the fasteners rest in the bearing block, end plates, and the bar were refined to an
element size of 0.4 mm, 0.4 mm, and 0.75 mm respectively. The bar mesh decreased in quality
when the face mesh was set to 0.4 mm. The goal was to set the face mesh as close to the fastener
mesh as possible to prevent false stress singularities from misaligned nodes. Since the bearings
rest in the bar, the reduced quality was adequate. The bearing block mesh was ultimately 1.5 mm,
the end plate was 0.8 mm, and the bar was 1 mm.

5.3.4 Case 1: Compression

5.3.4.1 Boundary Conditions

The purpose of this analysis is to demonstrate that the coupler is capable of withstanding
the maximum compressive load of 8900 N during installation of the DS train. The boundary
conditions set for this case are shown in Figure 5.12 and Figure 5.13.

128

Figure 5.12: Top view of the boundary conditions.

Figure 5.13: Bottom view of the boundary conditions.
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Standard Earth gravity was applied to the entire system. One bearing block was fixed in all
directions so it would sit stationary. The other bearing block was fixed in the y-direction and zdirection only. This would allow the block to slide axially (x-direction) as if it were on a rail
similar to the DS train. Lastly, the half axial compression force was applied to the sliding bearing
block.

5.3.4.2 Deformation

The axial deformation and the vertical deformation plots are provided in Figure 5.14 and
Figure 5.15 respectively. When the coupler is loaded, the assembly will compress approximately
0.211 mm. Additionally, the end plates will pitch upward about 0.05 mm and the bar will deflect
upward about 0.016 mm. The deformation results clearly demonstrate that the bar is not buckling
under the maximum compressive loading.
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Figure 5.14: Axial (x-direction) deformation of the assembly.

Figure 5.15: Vertical (y-direction) deformation of the assembly.
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5.3.4.3 Stress

The stress for the entire assembly is provided in Figure 5.16. The maximum stress occurs
on the middle secondary shoulder and high stress occurs on the remaining secondary shoulder
bolts, end plates, bearing blocks, and bearings. Note that the convergence studies and all the vonMises stress plots are found in Appendix G.

Figure 5.16: Assembly von-Mises stress.

The maximum assembly stress occurs on the middle secondary bolt. Figure 5.17 shows
both secondary bolts on the sliding bearing block end. The maximum stress for all the secondary
bolts is along a line nodes that starts the transition from the small cylindrical surface onto the larger
cylinder through a fillet. The elements away from the stress concentration indicate a stress around

132
160 – 190 MPa. The large stress is possibly caused by the upward defection in the bolts generating
strain. If bolt pretension was incorporated, the deflection would likely have been minimized.

Figure 5.17: Middle secondary bolt (left) and side secondary bolt (right) von-Mises stress.

The end plate on the sliding end of the model is shown in Figure 5.18. The stress plot
shows the bearing load being distributed primarily in the center region. The maximum stress is
along a line of nodes on the bearing end of the middle secondary bolt hole forming a stress
concentration. Elements away from the line show the stress in the region to be around 67 – 80
MPa. The stress in this region is below both the tensile strength (262 MPa) and shear strength
(148 MPa) listed by the G10 supplier [31].
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Figure 5.18: End plate von-Mises stress.

Figure 5.19 shows the stress on the stationary bearing block along the middle secondary
bolt hole. The maximum stress occurs on a single node. The stress in the region is close to 145 –
180 MPa. This stress is below the 930 MPa yield strength of titanium [18]. Another consideration
that should be noted is that the block used in this FEA is simplified to allow for the forces and
boundary conditions to be applied to the assembly.
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Figure 5.19: Bearing block von-Mises stress towards the middle secondary bolt hole.
Figure 5.20 shows the stress on the bronze bearings. The maximum stress occurs along
the circumferiantial inner rim. Looking at elements away from the stress concentration, the stress
in the region is approximately 80 – 102 MPa, below the 240 MPa yield strength of bronze [33].

Figure 5.20: Bearing von-Mises stress.
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The bar, shown in Figure 5.21, contains regions of low stress. The maximum stress occurs
in the middle of the main bolt bearing surface. The 99.6 MPa maximum at the stress concentration
is still considerably lower than the stainless steel yield strength of 172 MPa [28].

Figure 5.21: Bar von-Mises stress near the main bolt hole.

Finally, the main shoulder bolt is shown in Figure 5.22. The maximum stress occurs on a
small concentration that is contact with edge of the bearings, however, another area of high stress
is in the center of the bolt. The bolt appears to be bending like a simply supported beam. If bolt
pretension was incorporated into this model, the bolt deflection would be minimized and the stress
plot would be different.
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Figure 5.22: Upstream view (left) and downstream view (right) of the main bolt von-Mises
stress.

The remaining stress plots are found in Appendix G. Due to the symmetry of the model,
the stress plots for the sliding end components are similar in magnitude and distribution for the
stationary end components. Based on the conclusions made, each of the components are likely
below the yield strength. The results of this FEA is only a supplementary addition to the AISC
analysis.
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5.3.5

Case 2: Tension

5.3.5.1 Boundary Conditions

The purpose of this analysis is to demonstrate that the coupler is capable of withstanding
the maximum tensile load of 8900 N during extraction of the DS train. The boundary conditions
set for this case are shown in Figure 5.23 and Figure 5.24.

Figure 5.23: Top view of the boundary conditions.
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Figure 5.24: Bottom view of the boundary conditions.

Similar to Case 1, standard Earth gravity was applied to the entire system. One bearing block was
fixed in all directions so it would sit stationary. The other bearing block was fixed in the ydirection and z-direction only to allow sliding. Lastly, the axial tensile force was applied to the
sliding bearing block.
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5.3.5.2 Deformation

The axial deformation and the vertical deformation plots are provided in Figure 5.25 and
Figure 5.26 respectively. When loaded in tension, the coupler elongates approximately 0.3 mm
axially and deflects downward approximately 0.12 mm in the middle of the bar.

Figure 5.25: Axial (x-direction) deformation of the assembly.

140

Figure 5.26: Vertical (y-direction) deformation of the assembly.

5.3.5.3 Stress

The stress for the entire assembly is provided in Figure 5.27. The maximum stress occurs
on the middle secondary shoulder and high stress occurs on the remaining secondary shoulder
bolts, end plates, bearing blocks, and bearings similar to Case 1. Note that the convergence studies
and all the von-Mises stress plots are found in Appendix H.
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Figure 5.27: Assembly von-Mises stress.

The maximum stress in the whole assembly occurs on the middle secondary shoulder bolt
in Figure 5.28. As explained in Case 1, the stress concentration occurs towards the fillet. Looking
at the elements in the local region, the stress is closer to 150 – 180 MPa. If bolt pretension was
implemented into the model, the deformation would likely decrease which then would decrease
the resulting FEA stress.
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Figure 5.28: Middle secondary bolt (left) and side secondary bolt (right) von-Mises stress.

The end plate is shown in Figure 5.29. The maximum stress occurs along a line of nodes
within the bearing surface of the middle secondary bolt hole. Looking at elements past the stress
concentration, the stress in the local region is approximately 50 – 86 MPa. The same amount of
stress occurs on the bearing surface of the main bolt. The side secondary bolt shows stress around
50 MPa. Furthermore, looking at the cross-sectional areas along the clear lengths of the main bolt
hole and middle secondary bolt hole, the stress in the region approaches 60 MPa. The stress in all
the regions is below both the tensile strength (262 MPa) and shear strength (148 MPa) listed by
the G10 supplier [31].
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Figure 5.29: End plate von-Mises stress.

Figure 5.30 shows the stress on the stationary bearing block. The maximum stress is
located on two lines of nodes within the middle secondary bolt hole. The stress in the region
beyond the stress concentration is approximately 132 MPa. As explained in Case 1, the block used
in this FEA is simplified to allow the forces and boundary conditions to be applied. With the stress
concentrations considered, the maximum stress appears to be 238 MPa which is considerably less
than the 930 MPa yield strength for titanium [18].
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Figure 5.30: Bearing block von-Mises stress towards the middle secondary bolt hole.

The bronze bearings in Figure 5.31 behave similarly to Case 1, where the maximum stress
is located along the inner rim. The elements away the stress concentration show the stress in the
region is approximately 80 MPa. The stress on the bearings are considerably lower than the 240
MPa yield stress [33].
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Figure 5.31: Bearing von-Mises stress.

The maximum stress for the bar in Figure 5.32 occurs on the side of the main bolt hole.
This is an example of a common stress concentration around holes on a plane in tension. Through
observation in the region around the hole, the stress is approximately 60 MPa. The bar is still
below the stainless steel yield strength of 172 MPa [28].
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Figure 5.32: Bar von-Mises stress near the main bolt hole.

The main shoulder bolt shown in Figure 5.33 shows similar behavior to Case 1. The bolt
bends like a simply supported beam between the bar and the end plate. The bolt stress is possibly
inaccurate since the pretension was not incorporated into the model. If pretension was applied,
the bolt would likely deflect less thus reducing the calculated FEA stress.

147

Figure 5.33: Upstream view (left) and downstream view (right) of the main bolt von-Mises
stress.

The remaining stress plots are found in Appendix H. Due to the symmetry of the model,
the stress plots for the sliding end components are similar in magnitude and distribution for the
stationary end components. Based on the conclusions made, each of the components are likely
below the yield strength. The results of this FEA is only a supplementary addition to the AISC
analysis.
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5.3.6

Summary

Several observations were found in the results of the FEA. The first is that the coupler shows
no signs of buckling. The maximum vertical deflection in both cases is less than 0.2 mm indicating
the bar not going to buckle under the maximum foreseeable compressive loading. Additionally,
the maximum axial deformation is approximately 0.3 mm. Since the bar von-Mises has been
concluded to experiencing stress below the stainless steel yield strength, there will not be any
plastic deformation to comprise the ±2 mm tolerance.
Furthermore, with exclusion of stress concentrations and singularities, all the components are
below the yield strength of the given materials. It is important to note the short clear length from
the secondary bolt holes to the edge of the end plate shows stress below the yield strength of G10.
This was one of the weakest components from the AISC analysis.
If another FEA was to be performed on the axial coupler system, it is recommended that the
bolt pretension is implemented into the model to prevent the deflection in the bolts that is the
source of the high stress calculated by finite element methods. The next steps of the project include
building and testing a prototype at Fermilab to determine if the coupler is satisfactory for the DS
train.
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CHAPTER 6 CONCLUSION

6.1

Summary of Designed Structures

The objective of this thesis was to analyze the design of the IFB stand, the facility trench,
and the DS train axial couplers to verify that these components will work for the detector solenoid
system of the Mu2e experiment. By developing the DS train free-body analysis, all the vertical
and axial loads were found. From the vertical loads, the resting load of the MBS onto the IFB was
found for the stand FEA. Additionally, the free-body analysis also provided the estimated axial
loads for each coupler and showed that the couplers will experience less loading the further
upstream on the DS train.
The IFB stand FEA showed that the new stand design is likely to experience stress below
the 115 MPa allowable stress for 316 stainless steel from the ASME Division II guidelines for
pressure vessels. This conclusion was made for all four case studies with consideration of the
numerous stress concentrations and singularities specified.

However, there are two design

concerns concluded from the results. If skip welds were implemented during fabrication, thicker
and longer welds should be made on the extremities of each plate contact region. Stress in these
regions are typically higher. Furthermore, the axial deformation of the trunnion in the pressurized
case study showed that the trunnion moves upstream approximately 1.39 mm. This could
compromise the ±2 mm axial tolerance of the DS train components.
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When the new IFB stand is in the installed position, one of the upstream rollers rests on the
facility trench grating.

After analytical evaluation of the installed trench planks with the

Aluminum Design Manual, the loading from the IFB stand was found to exceed the allowable
loading of the planks. A high load capacity plank made to fit the same volume as the standard
planks was designed as a substitution. These planks are to be constructed of 0.5” thick aluminum
plates in the form of a double I-beam. The standard planks will be sufficient for the expected
loading for external stand movement during the DS train installation and extraction processes.
When the maximum 8.9 kN installation and extraction load is applied to the DS train, the
axial couplers experience the maximum loading conditions. The previous design iteration was
shown to begin buckling at 35% of the maximum expected load during an informal lab test. The
new design iteration presented was analyzed using the AISC steel construction manual to find the
allowable load for every possible failure mode. It was concluded that the design has a maximum
allowable load of approximately 22.71 kN, well above the maximum load of 8.9 kN. Furthermore,
a FEA was performed for the new design. Indications of buckling were not observed for the model
with vertical deflections less than 0.5 mm during maximum compression and tension.
Overall, each of these components were analyzed by utilizing reputable resources from
ASME, the Aluminum Association, and AISC. Further analysis and design for each of these
components is probable due to the changing loading requirements as each of the DS train
component designs mature. This includes new FEA iterations of the axial couplers and the IFB
system, as well a lab test of a new axial coupler prototype.
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6.2

Future Work and Recommendations

As the DS train component designs approach their final iterations, additional loading and
size constraints are placed on lower tiered components such as the IFB stand and the axial couplers.
This process often requires additional analysis on these components. The following are suggested
analyses for the IFB stand and the axial couplers.
The pressurized case study of the IFB stand showed that the trunnion deflected
approximately 1.39 mm upstream into the DS bore. This is a critical issue for maintaining an
accurate position for each of the DS train components. The first recommendation is to reevaluate
the applied pressure on the model and determine if the estimated pressure is too large. The second
recommendation is to make the IFB frame thicker. This could involve making the entire
component thicker, making the spokes wider, or increasing the number of spokes. The third
suggestion is to design a parking brake for the DS train. This brake would lock the entire train
during operation to prevent the effects of the vacuum from shifting the train. If the braking system
is incorporated into each of the major DS train components, the positional accuracy during
operational could be safeguarded.
Beyond the IFB pressure vessel, the stand still requires additional FEA as service routing
and the fabrication plans are further developed. Each of the case studies did not include loading
from services through the ports and slots. When the routing approaches a final iteration, an
additional load should be added to the model. Furthermore, another FEA should be performed
when the hydraulic cylinder mounting component is incorporated into the model. Each case study
had the applied force on the trunnions rather than towards the ground. This was done to constrain
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the model without the mounting fixture. The results are not expected to change dramatically,
however this is recommended to develop a more accurate model. Finally, when the weld layout
is developed, the stress in the welds should be check for all case studies as attempted in a previous
FEA iteration.
The AISC analysis and FEA of the axial coupler showed the system to satisfactory for the
maximum loading, however, these models were simplified. A more detailed FEA model should
be developed with the full model of the bearing blocks included. Furthermore, the connecting
components from the DS train component should be placed on the block to constrain the end plate
as shown in Figure 5.1. The FEA model should also contain bolt pretension to further constraint
deflection in the bolts and end plates. It is also recommended that a prototype is built and tested
in the lab to fully confirm that there will not be any deflection.
Additional axial coupler analysis includes performing a moment analysis of each of the
bearing blocks. Since the axial couplers are only attached on the master rail, there will be a
moment generated from friction on the slave rail. The final recommendation is to perform
vibration analysis at the connection points of the axial coupler. The design includes lock washers
to prevent the bolts from loosening. It is recommended that a modal analysis of the full model is
performed within ANSYS Workbench. This model must include bolt pretension and lock washers
as well as an estimate of the frequency from the operating components.
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APPENDIX A DETECTOR TRAIN FREE-BODY ANALYSIS MATLAB SCRIPT
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%Beamline Load Analysis
close all; clear all;
%Expected Loads in N (Docdb 5134 rev E)
g = 9.81; %m/s^2
W_A = 140*g; %N
W_B = 140*g; %N
W_C = 65*g; %N
W_D = 65*g; %N
W_E = 155*g; %N
W_F = 155*g; %N
W_G = 2600*g; %N
W_H = 2700*g; %N
W_I = 1850*g; %N
W_J = 1900*g; %N
%Mass of Components
m_ProtonAbsorber = 280+130+310; %kg
m_Tracker = 5300; %kg
m_Calorimeter = 3750; %kg
m_MBS = 5000; %5000; %kg
m_IFB = 2760; %kg
m_Stand = 1055; %kg
%Coefficient of Friction
mu_rail = 0.006; %min: 0.002
mu_roller = 0.1; %min: 0.05
%MBS Measurements
W_MBS = m_MBS*g; %N
L_MBS = 4086/1000; %m
L_MBS_CG = 2253/1000; %m
L_Support = 275/1000; %m
H_Support = 678/1000; %m
%IFB Measurements
W_IFB = m_IFB*g; %N
W_Stand = m_Stand*g; %N
H_Roller = 1738/1000; %m
H_MN = 530/1000; %m
H_T = 1500/1000; %m
L_O = 767/1000; %m
L_MN = 160/1000; %m
L_Stand = 1855/1000; %m
n = 1000; %number of data points
Max_Acceleration = 0.2;
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%Acceleration of Components
xddot_ProtonAbsorber = -[0:Max_Acceleration/(n-1):Max_Acceleration]'; %m/s^2
xddot_Tracker = -[0:Max_Acceleration/(n-1):Max_Acceleration]'; %m/s^2
xddot_Calorimeter = -[0:Max_Acceleration/(n-1):Max_Acceleration]'; %m/s^2
xddot_MBS = -[0:Max_Acceleration/(n-1):Max_Acceleration]'; %m/s^2
xddot_IFB = -[0:Max_Acceleration/(n-1):Max_Acceleration]'; %m/s^2
%Predefining all calculations for the For Loop
N_AF = zeros(n,1);
R1 = zeros(n,1);
N_GH = zeros(n,1);
R2 = zeros(n,1);
R3 = zeros(n,1);
N_IJ = zeros(n,1);
R4 = zeros(n,1);
R5 = zeros(n,1);
R6 = zeros(n,1);
N_KL = zeros(n,1);
N_MN = zeros(n,1);
R7 = zeros(n,1);
W_MN = zeros(n,1);
R8 = zeros(n,1);
N_O = zeros(n,1);
N_P = zeros(n,1);
T = zeros(n,1);
for i=1:n
%Proton Absorber
%Summation of Vertical Forces
N_AF(i) = W_A + W_B + W_C + W_D + W_E + W_F; %N
%Summation of Horizontal Forces
R1(i) = (mu_rail*N_AF(i)) - (m_ProtonAbsorber*xddot_ProtonAbsorber(i)); %N
%Tracker
%Summation of Vertical Forces
N_GH(i) = W_G + W_H; %N
%Summation of Horizontal Forces
R2(i) = R1(i); %N
R3(i) = (mu_rail*N_GH(i)) + R2(i) - (m_Tracker*xddot_Tracker(i)); %N
%Calorimeter
%Summation of Vertical Forces
N_IJ(i) = W_I + W_J; %N
%Summation of Horizontal Forces
R4(i) = R3(i); %N
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R5(i) = (mu_rail*N_IJ(i)) + R4(i) - (m_Calorimeter*xddot_Calorimeter(i)); %N
%MBS
R6(i) = R5(i); %N
%Matrices created from summations of forces in vertical and horizontal and moment about
CG
% A_MBS = [1, 1, 0; mu_rail, 0, -1; ((mu_rail*H_Support)-L_MBS_CG+L_Support),
(L_MBS-L_MBS_CG), 0];
% C_MBS = [W_MBS; (m_MBS*xddot_MBS)-R6; -H_Support*R6];
% B_MBS = (inv(A_MBS))*C_MBS;
% N_KL = B_MBS(1,1); %N
% N_MN = B_MBS(2,1); %N
% R7 = B_MBS(3,1); %N
N_KL(i) = - (H_Support*R6(i))/(L_Support - L_MBS + H_Support*mu_rail) (W_MBS*(L_MBS - L_MBS_CG))/(L_Support - L_MBS + H_Support*mu_rail);
N_MN(i) = (H_Support*R6(i))/(L_Support - L_MBS + H_Support*mu_rail) +
(W_MBS*(L_Support - L_MBS_CG + H_Support*mu_rail))/(L_Support - L_MBS +
H_Support*mu_rail);
R7(i) = R6(i) - m_MBS*xddot_MBS(i) - (H_Support*R6(i)*mu_rail)/(L_Support - L_MBS +
H_Support*mu_rail) - (W_MBS*mu_rail*(L_MBS - L_MBS_CG))/(L_Support - L_MBS +
H_Support*mu_rail);
%IFB
W_MN(i) = N_MN(i);
R8(i) = R7(i);
%Matrices created from summations of forces in vertical and horizontal and moment about
CG
% A_IFB = [1, 1, 0; mu_roller, mu_roller, -1; ((mu_roller*H_Roller)-L_O),
((mu_roller*H_Roller)+L_Stand-L_O), -H_T];
% C_IFB = [W_MN + W_IFB + W_Stand; ((m_IFB + m_Stand)*xddot_IFB) - R8;
(H_MN*R8) + (L_MN*W_MN)];
% B_IFB = (inv(A_IFB))*C_IFB;
% N_O = B_IFB(1,1)
% N_P = B_IFB(2,1)
% T = B_IFB(3,1)
N_O(i) = - (L_MN*W_MN(i) + H_MN*R8(i))/L_Stand - (H_T*(R8(i) xddot_IFB(i)*(m_IFB + m_Stand)))/L_Stand - ((W_IFB + W_MN(i) + W_Stand)*(L_O L_Stand + H_T*mu_roller - H_Roller*mu_roller))/L_Stand;
N_P(i) = (L_MN*W_MN(i) + H_MN*R8(i))/L_Stand + (H_T*(R8(i) - xddot_IFB(i)*(m_IFB
+ m_Stand)))/L_Stand + ((W_IFB + W_MN(i) + W_Stand)*(L_O + H_T*mu_roller H_Roller*mu_roller))/L_Stand;
T(i) = R8(i) - xddot_IFB(i)*(m_IFB + m_Stand) + mu_roller*(W_IFB + W_MN(i) +
W_Stand);
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end
figure(1)
plot(abs(xddot_IFB)*1000,abs(T),'k','LineWidth',2)
hold on;
plot(abs(xddot_IFB)*1000,abs(R8),'r','LineWidth',2)
plot(abs(xddot_IFB)*1000,abs(R6),'g','LineWidth',2)
plot(abs(xddot_IFB)*1000,abs(R4),'b','LineWidth',2)
plot(abs(xddot_IFB)*1000,abs(R2),'m','LineWidth',2)
grid on;
set(gca,'FontSize',12,'FontWeight','bold')
xlabel('Acceleration (mm/s^2)','FontSize',20,'FontWeight','bold')
ylabel('Axial Force (N)','FontSize',20,'FontWeight','bold')
legend('Installation Force (T)','MBS-IFB Reaction Force (R7/R8)',...
'Calorimeter-MBS Reaction Force (R5/R6)', 'Tracker-Calorimeter Reaction Force
(R3/R4)',...
'Proton Absorber-Tracker Reaction Force (R1/R2)','FontSize',20,'FontWeight','bold')
figure(2)
plot(abs(xddot_IFB)*1000,abs(N_AF),'y','LineWidth',2)
hold on;
plot(abs(xddot_IFB)*1000,abs(N_GH),'c','LineWidth',2)
plot(abs(xddot_IFB)*1000,abs(N_IJ),'m','LineWidth',2)
plot(abs(xddot_IFB)*1000,abs(N_KL),'r','LineWidth',2)
plot(abs(xddot_IFB)*1000,abs(N_MN),'g','LineWidth',2)
plot(abs(xddot_IFB)*1000,abs(N_O),'b','LineWidth',2)
plot(abs(xddot_IFB)*1000,abs(N_P),'k','LineWidth',2)
grid on;
set(gca,'FontSize',12,'FontWeight','bold')
xlabel('Acceleration (mm/s^2)','FontSize',20,'FontWeight','bold')
ylabel('Vertical Load (N)','FontSize',20,'FontWeight','bold')
legend('Proton Absorber (N_A_F)','Tracker (N_G_H)',...
'Calorimeter (N_I_J)', 'Upstream MBS (N_K_L)',...
'Downstream MBS (N_M_N)','Upstream IFB (N_O)','Downstream
IFB(N_P)','FontSize',20,'FontWeight','bold')
Published with MATLAB® R2016a
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APPENDIX B IFB FEA CASE 1 CONVERGENCE AND CONTOUR PLOTS
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Figure B.1: Deformation convergence study.

Figure B.2: Von-Mises stress convergence plot for the stand components.
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Figure B.3: Von-Mises convergence study for the IFB components.

Figure B.4: Total deformation plot (left), vertical deformation plot (middle), axial deformation
plot (right).
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Figure B.5: Bottom plate von-Mises stress.

Figure B.6: Inner beam von-Mises stress.
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Figure B.7: Inner beam maximum von-Mises stress.

Figure B.8: Outer beam von-Mises stress.
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Figure B.9: Outer beam maximum von-Mises stress.

Figure B.10: Top view of the base plate von-Mises stress.

167

Figure B.11: Bottom view of the base plate von-Mises stress.

Figure B.12: Base plate maximum von-Mises stress towards the Hillman roller support.
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Figure B.13: Front plate von-Mises stress.
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Figure B.14: Front plate maximum von-Mises stress along the bottom corner edge.

Figure B.15: Side plate von-Mises stress.
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Figure B.16: Side plate maximum von-Mises stress located on one corner element.

Figure B.17: Gusset von-Mises stress.
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Figure B.18: Frame von-Mises stress for the component (left) and the trunnion (right).
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Figure B.19: Shell von-Mises stress.
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Figure B.20: Shell maximum von-Mises stress along the side and front plate contact regions.

174

APPENDIX C IFB FEA CASE 2 CONVERGENCE AND CONTOUR PLOTS
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Figure C.1: Deformation convergence plot.

Figure C.2: Von-Mises stress convergence plot for the stand components.
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Figure C.3: Von-Mises stress convergence plot for the IFB components.

Figure C.4: Total deformation plot (left), vertical deformation plot (middle), axial deformation
plot (right).
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Figure C.5: Bottom plate von-Mises stress.

Figure C.6: Inner beam von-Mises stress.
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Figure C.7: Inner beam maximum von-Mises stress located on a single node.

Figure C.8: Outer beam von-Mises stress.
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Figure C.9: Outer beam maximum von-Mises stress on a single node.

Figure C.10: Top view of the base plate von-Mises stress.
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Figure C.11: Bottom view of the base plate von-Mises stress.

Figure C.12: Base plate maximum von-Mises stress towards the Hillman roller support.
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Figure C.13: Front plate von-Mises stress.
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Figure C.14: Front plate maximum von-Mises stress along the bottom corner edge.

Figure C.15: Side plate von-Mises stress.
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Figure C.16: Side plate maximum von-Mises stress located on single node from the gusset.

Figure C.17: Gusset von-Mises stress.
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Figure C.18: Frame von-Mises stress for the component (left) and the trunnion (right).

Figure C.19: Shell von-Mises stress (left) and maximum von-Mises stress (right) along the side
and front plate contact regions.
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APPENDIX D IFB FEA CASE 3 CONVERGENCE AND CONTOUR PLOTS
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Figure D.1: Deformation convergence plot.

Figure D.2: Von-Mises stress convergence plot for the stand components.
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Figure D.3: Von-Mises stress convergence plot for the IFB components.

Figure D.4: Total deformation plot (left), vertical deformation plot (middle), axial deformation
plot (right).
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Figure D.5: Bottom plate von-Mises stress.

Figure D.6: Inner beam von-Mises stress.
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Figure D.7: Outer beam von-Mises stress.

Figure D.8: Top view of the base plate von-Mises stress.
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Figure D.9: Bottom view of the base plate von-Mises stress.

Figure D.10: Base plate maximum von-Mises stress towards the Hillman roller support.
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Figure D.11: Front plate von-Mises stress (left) and the maximum von-Mises stress (right) on the
top corner on the IFB shell.
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Figure D.12: Side plate von-Mises stress (left) and the maximum von-Mises stress (right) located
on single node from the gusset.

Figure D.13: Gusset von-Mises stress with the maximum along the top edge connecting to the
side plate.
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Figure D.14: Frame von-Mises stress for the component (left) and the trunnion (right).

Figure D.15: Shell von-Mises stress.
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Figure D.16: Shell maximum von-Mises stress along the side plate contact area.
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APPENDIX E

IFB FEA CASE 4 CONVERGENCE AND CONTOUR PLOTS
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Figure E.1: Deformation convergence plot.

Figure E.2: Von-Mises stress convergence plot for the stand components.
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Figure E.3: Von-Mises stress convergence plot for the IFB components.

Figure E.4: Total deformation plot (left), vertical deformation plot (middle), axial deformation
plot (right).

198

Figure E.5: Bottom plate von-Mises stress.

Figure E.6: Inner beam von-Mises stress.
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Figure E.7: Outer beam von-Mises stress.

Figure E.8: Top view of the base plate von-Mises stress.
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Figure E.9: Bottom view of the base plate von-Mises stress.

Figure E.10: Base plate maximum von-Mises stress towards the Hillman roller support.
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Figure E.11: Front plate von-Mises stress (left) and the maximum von-Mises stress along the top
edge in contact to the IFB shell.
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Figure E.12: Side plate von-Mises stress (left) and the maximum von-Mises stress (right).

Figure E.13: Gusset von-Mises stress.

203

Figure E.14: Frame von-Mises stress.

Figure E.15: Frame maximum von-Mises stress along the circumferential edge in contact to the
IFB shell.
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Figure E.16: Shell von-Mises stress.

Figure E.17: Shell maximum von-Mises stress along the frame contact region.
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Figure E.18: 7:00 (left) and 8:00 (right) cylinder von-Mises stress.

Figure E.19: 10:00 (left) and 11:00 (right) cylinder von-Mises stress.
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APPENDIX F

PALLET LIFTER FREE-BODY ANALYSIS MATLAB SCRIPT
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%Pallet Lifter Free-body Analysis
close all; clear all;
n = 200; %Number of data points
g = 9.81; %m/s^2
V = 1.10; %Vibration Factor
ml = 539; %kg
Wl = ml*g; %N
ms_Long = 593; %kg
Ws_Long = ms_Long*g*V; %N
ms_Short = 425; %kg
Ws_Short = ms_Short*g*V; %N
m_Long = ml + ms_Long;
m_Short = ml + ms_Short;
y2 = 44*0.0254; %m
y1 = [0:1000/n:999]/1000; %485/1000; %m
D = 5*0.0254; %m %Wheel Diameter
mu = 0.057;
x4_Long = 600/1000; %m
x4_Short = 812.8/1000; %m
x2 = [0:1000/n:999]/1000; %415/1000; %m
x3 = (1+15+4.5+3)*0.0254; %m
x1 = (1+15+42-2.5)*0.0254; %m
x_ddot2 = [0:1000/n:999]/1000; %m/s^2
x_ddot3 = -[0:1000/n:999]/1000; %m/s^2
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%Case 1: Long Stand
Nr1_Long = zeros(1,n); %Rear N
Nf1_Long = zeros(1,n); %Front N
for i = 1:1:n
Nr1_Long(1,i) = ((Wl + Ws_Long)*(x1 - x2(i)))/x1 - (Ws_Long*(x3 - x2(i) + x4_Long))/x1;
Nf1_Long(1,i) = (Wl*x2(i) + Ws_Long*x3 + Ws_Long*x4_Long)/x1;
end
figure(1)
subplot(1,2,1)
plot((x2*1000),(Nf1_Long*0.5),'r','LineWidth',2)
hold on;
grid on;
plot((x2*1000),(Nr1_Long*0.5),'b','LineWidth',2)
set(gca,'FontSize',16,'FontWeight','bold')
title('Long Stand Static Analysis','FontSize',22,'FontWeight','bold')
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xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Load per Wheel (N)','FontSize',20,'FontWeight','bold')
legend({'Front Wheel','Rear Wheel'},'Location','northwest','FontSize',16,'FontWeight','bold')
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%Case 1: Short Stand
Nr1_Short = zeros(1,n); %Rear N
Nf1_Short = zeros(1,n); %Front N
for i = 1:1:n
Nr1_Short(1,i) = ((Wl + Ws_Short)*(x1 - x2(i)))/x1 - (Ws_Short*(x3 - x2(i) + x4_Short))/x1;
Nf1_Short(1,i) = (Wl*x2(i) + Ws_Short*x3 + Ws_Short*x4_Short)/x1;
end
figure(1)
subplot(1,2,2)
plot((x2*1000),(Nf1_Short*0.5),'r','LineWidth',2)
hold on;
grid on;
plot((x2*1000),(Nr1_Short*0.5),'b','LineWidth',2)
set(gca,'FontSize',16,'FontWeight','bold')
title('Short Stand Static Analysis','FontSize',22,'FontWeight','bold')
xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Load per Wheel (N)','FontSize',20,'FontWeight','bold')
legend({'Front Wheel','Rear Wheel'},'Location','northwest','FontSize',16,'FontWeight','bold')
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%Case 2: Long Stand
P2_Long = zeros(n,n,n); %N
Nr2_Long = zeros(n,n,n); %Rear N
Nf2_Long = zeros(n,n,n); %Front N
for i = 1:n
for j = 1:n
for k = 1:n
Nr2_Long(i,j,k) = - (Ws_Long*(x3 - x2(i) + x4_Long))/x1 - ((Wl + Ws_Long)*(2*x2(i) 2*x1 + D*mu + 2*mu*y1(j) + 2*mu*y2))/(2*x1) - (m_Long*x_ddot2(k)*y2)/x1;
Nf2_Long(i,j,k) = ((Wl + Ws_Long)*(2*x2(i) + D*mu + 2*mu*y1(j) +
2*mu*y2))/(2*x1) + (Ws_Long*(x3 - x2(i) + x4_Long))/x1 + (m_Long*x_ddot2(k)*y2)/x1;
P2_Long(i,j,k) = m_Long*x_ddot2(k) + mu*(Wl + Ws_Long);
end
end
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end
figure(2)
subplot(1,2,1)
Case2_Long_Rear = contourf(x2*1000, y1*1000, (Nr2_Long(:,:,1)'*0.5), 20);
clabel(Case2_Long_Rear,'FontSize',10,'FontWeight','bold')
grid on;
set(gca,'FontSize',16,'FontWeight','bold')
title('Long Stand Push Analysis','FontSize',22,'FontWeight','bold')
xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Center of Gravity Vertical Position (mm)','FontSize',20,'FontWeight','bold')
colorbar;
ylabel(colorbar,'Load per Rear Wheel (N)','FontSize',20,'FontWeight','bold')
figure(2)
subplot(1,2,2)
Case2_Long_Front = contourf(x2*1000, y1*1000, (Nf2_Long(:,:,1)'*0.5), 20);
clabel(Case2_Long_Front,'FontSize',10,'FontWeight','bold')
grid on;
set(gca,'FontSize',16,'FontWeight','bold')
title('Long Stand Push Analysis','FontSize',22,'FontWeight','bold')
xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Center of Gravity Vertical Position (mm)','FontSize',20,'FontWeight','bold')
colorbar;
ylabel(colorbar,'Load per Front Wheel (N)','FontSize',20,'FontWeight','bold')
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%Case 2: Short Stand
P2_Short = zeros(n,n,n); %N
Nr2_Short = zeros(n,n,n); %Rear N
Nf2_Short = zeros(n,n,n); %Front N
for i = 1:n
for j = 1:n
for k = 1:n
Nr2_Short(i,j,k) = - (Ws_Short*(x3 - x2(i) + x4_Short))/x1 - ((Wl + Ws_Short)*(2*x2(i)
- 2*x1 + D*mu + 2*mu*y1(j) + 2*mu*y2))/(2*x1) - (m_Short*x_ddot2(k)*y2)/x1;
Nf2_Short(i,j,k) = ((Wl + Ws_Short)*(2*x2(i) + D*mu + 2*mu*y1(j) +
2*mu*y2))/(2*x1) + (Ws_Short*(x3 - x2(i) + x4_Short))/x1 + (m_Short*x_ddot2(k)*y2)/x1;
P2_Short(i,j,k) = m_Short*x_ddot2(k) + mu*(Wl + Ws_Short);
end
end
end
figure(3)

210
subplot(1,2,1)
Case2_Short_Rear = contourf(x2*1000, y1*1000, (Nr2_Short(:,:,1)'*0.5), 20);
clabel(Case2_Short_Rear,'FontSize',10,'FontWeight','bold')
grid on;
set(gca,'FontSize',16,'FontWeight','bold')
title('Short Stand Push Analysis','FontSize',22,'FontWeight','bold')
xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Center of Gravity Vertical Position (mm)','FontSize',20,'FontWeight','bold')
colorbar;
ylabel(colorbar,'Load per Rear Wheel (N)','FontSize',20,'FontWeight','bold')
figure(3)
subplot(1,2,2)
Case2_Short_Front = contourf(x2*1000, y1*1000, (Nf2_Short(:,:,1)'*0.5), 20);
clabel(Case2_Short_Front,'FontSize',10,'FontWeight','bold')
grid on;
set(gca,'FontSize',16,'FontWeight','bold')
title('Short Stand Push Analysis','FontSize',22,'FontWeight','bold')
xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Center of Gravity Vertical Position (mm)','FontSize',20,'FontWeight','bold')
colorbar;
ylabel(colorbar,'Load per Front Wheel (N)','FontSize',20,'FontWeight','bold')
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%Case 3: Long Stand
P3_Long = zeros(n,n,n); %N
Nr3_Long = zeros(n,n,n); %Rear N
Nf3_Long = zeros(n,n,n); %Front N
for i = 1:n
for j = 1:n
for k = 1:n
Nr3_Long(i,j,k) = ((Wl + Ws_Long)*(2*x1 - 2*x2(i) + D*mu + 2*mu*y1(j) +
2*mu*y2))/(2*x1) - (Ws_Long*(x3 - x2(i) + x4_Long))/x1 - (m_Long*x_ddot3(k)*y2)/x1;
Nf3_Long(i,j,k) = (Ws_Long*(x3 - x2(i) + x4_Long))/x1 - ((Wl + Ws_Long)*(D*mu 2*x2(i) + 2*mu*y1(j) + 2*mu*y2))/(2*x1) + (m_Long*x_ddot3(k)*y2)/x1;
P3_Long(i,j,k) = mu*(Wl + Ws_Long) - m_Long*x_ddot3(k);
end
end
end
figure(4)
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subplot(1,2,1)
Case3_Long_Rear = contourf(x2*1000, y1*1000, (Nr3_Long(:,:,1)'*0.5), 20);
clabel(Case3_Long_Rear,'FontSize',10,'FontWeight','bold')
grid on;
set(gca,'FontSize',16,'FontWeight','bold')
title('Long Stand Pull Analysis','FontSize',22,'FontWeight','bold')
xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Center of Gravity Vertical Position (mm)','FontSize',20,'FontWeight','bold')
colorbar;
ylabel(colorbar,'Load per Rear Wheel (N)','FontSize',20,'FontWeight','bold')
figure(4)
subplot(1,2,2)
Case3_Long_Front = contourf(x2*1000, y1*1000, (Nf3_Long(:,:,1)'*0.5), 20);
clabel(Case3_Long_Front,'FontSize',10,'FontWeight','bold')
grid on;
set(gca,'FontSize',16,'FontWeight','bold')
title('Long Stand Pull Analysis','FontSize',22,'FontWeight','bold')
xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Center of Gravity Vertical Position (mm)','FontSize',20,'FontWeight','bold')
colorbar;
ylabel(colorbar,'Load per Front Wheel (N)','FontSize',20,'FontWeight','bold')
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%Case 3: Short Stand
P3_Short = zeros(n,n,n); %N
Nr3_Short = zeros(n,n,n); %Rear N
Nf3_Short = zeros(n,n,n); %Front N
for i = 1:n
for j = 1:n
for k = 1:n
Nr3_Short(i,j,k) = ((Wl + Ws_Short)*(2*x1 - 2*x2(i) + D*mu + 2*mu*y1(j) +
2*mu*y2))/(2*x1) - (Ws_Short*(x3 - x2(i) + x4_Short))/x1 - (m_Short*x_ddot3(k)*y2)/x1;
Nf3_Short(i,j,k) = (Ws_Short*(x3 - x2(i) + x4_Short))/x1 - ((Wl + Ws_Short)*(D*mu 2*x2(i) + 2*mu*y1(j) + 2*mu*y2))/(2*x1) + (m_Short*x_ddot3(k)*y2)/x1;
P3_Short(i,j,k) = mu*(Wl + Ws_Short) - m_Short*x_ddot3(k);
end
end
end
figure(5)
subplot(1,2,1)
Case3_Short_Rear = contourf(x2*1000, y1*1000, (Nr3_Short(:,:,1)'*0.5), 20);
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clabel(Case3_Short_Rear,'FontSize',10,'FontWeight','bold')
grid on;
set(gca,'FontSize',16,'FontWeight','bold')
title('Short Stand Pull Analysis','FontSize',22,'FontWeight','bold')
xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Center of Gravity Vertical Position (mm)','FontSize',20,'FontWeight','bold')
colorbar;
ylabel(colorbar,'Load per Rear Wheel (N)','FontSize',20,'FontWeight','bold')
figure(5)
subplot(1,2,2)
Case3_Short_Front = contourf(x2*1000, y1*1000, (Nf3_Short(:,:,1)'*0.5), 20);
clabel(Case3_Short_Front,'FontSize',10,'FontWeight','bold')
grid on;
set(gca,'FontSize',16,'FontWeight','bold')
title('Short Stand Pull Analysis','FontSize',22,'FontWeight','bold')
xlabel('Center of Gravity Longitudinal Position (mm)','FontSize',20,'FontWeight','bold')
ylabel('Center of Gravity Vertical Position (mm)','FontSize',20,'FontWeight','bold')
colorbar;
ylabel(colorbar,'Load per Front Wheel (N)','FontSize',20,'FontWeight','bold')
Published with MATLAB® R2016a
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APPENDIX G AXIAL COUPLER FEA CASE 1 CONVERGENCE AND CONTOUR PLOTS
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Figure G.1: Deformation convergence study.

Figure G.2: Von-Mises stress convergence plot for components on the sliding end.
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Figure G.3: Von-Mises stress convergence plot for components on the stationary end.

Figure G.4: Total deformation.
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Figure G.5: Vertical (y-direction) deformation.

Figure G.6: Axial (x-direction) deformation.
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Figure G.7: Sliding bearing block von-Mises stress.

Figure G.8: Sliding bearing block von-Mises stress along the middle secondary bolt hole.
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Figure G.9: Sliding bearing block von-Mises stress along the side secondary bolt hole.

Figure G.10: Stationary bearing block von-Mises stress.
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Figure G.11: Stationary bearing block von-Mises stress along the middle secondary bolt hole.

Figure G.12: Stationary bearing block von-Mises stress along the side secondary bolt hole.
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Figure G.13: Sliding end plate von-Mises stress.

Figure G.14: Sliding end plate von-Mises stress along the middle secondary bolt hole.
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Figure G.15: Sliding end plate von-Mises stress along the main bolt hole.

Figure G.16: Sliding end plate von-Mises stress along the side secondary bolt hole.
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Figure G.17: Stationary end plate von-Mises stress.

Figure G.18: Stationary end plate von-Mises stress along the middle secondary bolt hole.
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Figure G.19: Stationary end plate von-Mises stress along the main bolt hole.

Figure G.20: Stationary end plate von-Mises stress along the side secondary bolt hole.
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Figure G.21: Side secondary bolt (left) and middle secondary bolt (right) von-Mises stress on the
sliding end.

Figure G.22: Side secondary bolt (left) and middle secondary bolt (right) von-Mises stress on the
stationary end.
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Figure G.23: Bar von-Mises stress.

Figure G.24: Bar maximum von-Mises stress along the main bolt connection region.
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Figure G.25: Upstream view (left) and downstream view (right) of the main bolt von-Mises
stress on the sliding end.
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Figure G.26: Downstream view (left) and upstream view (right) of the main bolt von-Mises
stress on the stationary end.
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Figure G.27: Bearing von-Mises stress on the sliding end.

Figure G.28: Bearing maximum von-Mises stress on the sliding end.
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Figure G.29: Bearing von-Mises stress on the stationary end.

Figure G.30: Bearing maximum von-Mises stress on the stationary end.
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Figure G.31: Nut von-Mises stress on the sliding end.

Figure G.32: Nut von-Mises stress on the stationary end.
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APPENDIX H AXIAL COUPLER FEA CASE 2 CONVERGENCE AND CONTOUR PLOTS

232

Figure H.1: Deformation convergence study.

Figure H.2: Von-Mises stress convergence plot for components on the sliding end.
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Figure H.3: Von-Mises stress convergence plot for components on the stationary end.

Figure H.4: Total deformation.
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Figure H.5: Vertical (y-direction) deformation.

Figure H.6: Axial (x-direction) deformation.
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Figure H.7: Sliding bearing block von-Mises stress.

Figure H.8: Sliding bearing block von-Mises stress along the middle secondary bolt hole.
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Figure H.9: Sliding bearing block von-Mises stress along the side secondary bolt hole.

Figure H.10: Stationary bearing block von-Mises stress.
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Figure H.11: Stationary bearing block von-Mises stress along the middle secondary bolt hole.

Figure H.12: Stationary bearing block von-Mises stress along the side secondary bolt hole.
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Figure H.13: Sliding end plate von-Mises stress.

Figure H.14: Sliding end plate von-Mises stress along the middle secondary bolt hole.
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Figure H.15: Sliding end plate von-Mises stress along the main bolt hole.

Figure H.16: Sliding end plate von-Mises stress along the side secondary bolt hole.
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Figure H.17: Stationary end plate von-Mises stress.

Figure H.18: Stationary end plate von-Mises stress along the middle secondary bolt hole.
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Figure H.19: Stationary end plate von-Mises stress along the main bolt hole.

Figure H.20: Stationary end plate von-Mises stress along the side secondary bolt hole.
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Figure H.21: Side secondary bolt (left) and middle secondary bolt (right) von-Mises stress on the
sliding end.
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Figure H.22: Side secondary bolt (left) and middle secondary bolt (right) von-Mises stress on the
stationary end.
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Figure H.23: Bar von-Mises stress.

Figure H.24: Top view of the bar maximum von-Mises stress along the main bolt connection
region.
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Figure H.25: Bottom view of the bar maximum von-Mises stress along the main bolt connection
region.

Figure H.26: Downstream view (left) and upstream view (right) of the main bolt von-Mises
stress on the sliding end.
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Figure H.27: Upstream view (left) and downstream view (right) of the main bolt von-Mises
stress on the stationary end.

Figure H.28: Bearing von-Mises stress on the sliding end.
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Figure H.29: Bearing maximum von-Mises stress on the stationary end.

Figure H.30: Nut von-Mises stress on the sliding end.
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Figure H.31: Nut von-Mises stress on the stationary end.

